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ABSTRACT 


In  fiscal  year  1977,  BRDA  joined  forces  with  DARPA  to  support  this  project.  The  progress  made  on 
the  DARPA  Ceramic  l^irbine  Testing  Program  is  presented  in  this  volume  while  the  progress  on  the 
ERDA  Ceramic  Turbine  Technology  and  Ceramic  Turbine  Materials  and  NDE  Technology  Programs  ^ 

is  presented  in  Volume  2. 

Duo'donsity  rotor  fabrication  continued  with  over  600  rotor  blade  rings  injection  molded  utilizing 
the  automatic  solid  state  control  system.  Yield  of  blade  rings  having  no  visible  defects  in  the  green,  as 
molded,  state  was  over  70%,  Controlling  the  boron  nitride  thickness  during  blade  fill  processing 
coupled  with  a modification  of  the  hot  press  graphite  tooling  greatly  Improved  the  hot  press  bonding 
prticess.  The  yield  of  flaw-free  hot  press  bondings  with  these  changes  was  70%.  This  represents  the 
most  significant  improvement  in  the  yield  hot  press  bondings  to  date.  Finish  machining  of  rotors 
continued  as  did  non-destructive  evaluation.  Blade  bend  testing  was  used  to  monitor  the  quality  of 
blade  ring  nltrlding  to  iniiure  that  only  the  higher  quality  nltrided  blade  rings  were  used  to  fabricate 
rotors  for  testing. 

Eleven  duo-density  ceramic  turbine  rotors  were  cold  spin  tested  to  qualify  them  for  further  hot 
running.  Ten  of  the  eleven  reached  over  50,000  rpm  without  failing  blades,  with  one  rotor  successfully 
qualified  to  over  70,000  rpm  after  failing  one  blade  at  65,640  rpm. 

Development  of  the  hot  spin  rigs  continued.  A combustor  flame-out  problem  and  a durability 
I problem  with  the  rotor  tip  shroud/failure  detector  were  resolved.  In  further  development  of  the  hot 

j spin  rig,  a number  of  ceramic  and  metal  rotors  were  tested  accumulating  26  hours  and  68  hours 

I respectively. 

i 

An  important  engine  lest  of  a duo-density  silicon  nitride  rotor  was  accomplished.  Rotor  1195,  with 
the  associalctl  stationary  ceramic  components  (nose  cone,  stator  and  tip  shrouds),  was  successfully 
operated  at  an  average  Turbine  Inlet  Temperature  (T.l.T.)  of  2200‘'F  and  45.000  rpm  for  10  hours 
without  Incident.  This  same  rotor,  with  27  full  length  aerodynamically  functional  blades  and  stationary 
flowpath,  was  subsequently  run  for  25  hours  at  2250“F  average  T.l.T.  plus  1-1/2  hours  at  over  2500“F 
average  T.l.T.  all  at  50,000  rpm.  Despite  a cautious  shutdown  a catastrophic  failure  occurred  during  the 
shutdown  of  the  engine  due  to  an  overlemperalured  metal  component  used  to  mount  the  ceramic  rotor. 

The  total  hot  time  on  the  rotor  was  over  37  hours,  all  but  a few  minutes  at  a T.l.T.  of  2200'’F  or  higher,  at 
speeds  of  45,000  to  50,000  rpm,  including  1-1/2  hours  at  50,000  rpm  and  over  2500®F  T.l.T.  This 
unprecedented  test  is  the  first  time  a ceramic  rotor  has  been  operated  at  these  speed/lemperature/timo 
conditions. 

Fabrication  development  on  injection  molding  of  stators  and  nose  cones  of  2.7g/cc  density  was 
continued  on  a limited  basis.  Some  additional  reaction  sintered  silicon  carbide  stators  were  also 
fabricated  because  of  promising  test  results  previously  presented.  Limited  development  of  injection 
molded  and  slip  cast  nose  cones  was  continued. 

Testing  of  stationary  components  continued  in  both  qualification  and  durability  rigs.  Stators  were 
: subjected  to  more  severe  qualification  tests  as  the  vane  bend  load  was  increased  from  10  to  19  pounds 

and  the  outer  shroud  pressure  load  was  increased  from  100  to  200  psi.  Weight  gains  of  components 
were  monitored  during  hot  testing  at  1930  and  2500*F  and  found  to  lie  below  previously  obsorvod 
' values  for  several  injection  molded  parts.  Over  1000  hours  of  hot  testing  was  accumulated  on  stators 

! during  this  reporting  period. 

I 

A complete  set  of  silicon  nitride  stationary  components  consisting  of  a nose  cone,  two  stators,  two 
rotor  lip  shrouds  and  a second-stage  stator  centering  ring  completed  the  program  objective  of  175  hours  t 

at  1930*F  plus  25  hours  at  2500‘’F  with  over  40  lights.  In  addition,  a silicon  carbide  stator  successfully 
completed  over  175  hours  at  1930‘’F  plus  over  28  hours  at  2500'‘F  with  52  lights.  Stators  of  two  different 
I materials,  injection  molded  silicon  nitride  and  reaction  bonded  silicon  carbide,  have  now  completed  y 

j the  program  durability  goal  of  200  hours. 

I 
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FOREWORD 


This  report  is  the  twelfth  technical  report  of  the  ‘Brittle  Materials  Design,  High  Temperature  Gas 
Turbine*  program  initiated  by  the  Defense  Advanced  Research  Projects  Agency.  DARPA  Order  Num* 
ber  1849,  and  Contract  Number  DAAG*46>71-C-0162.  This  is  an  incrementally-funded  seven  year 
program. 

Since  this  is  an  iterative  design  and  materials  development  program,  design  concepts  and  materiab 
selection  and/or  properties  presented  in  this  report  will  probably  not  be  those  finally  utilized.  Thus  ail 
design  and  property  data  contained  in  the  semi-annual  reports  must  be  considered  tentative,  and  the 
reports  should  be  considered  to  be  illustrative  of  the  design,  materials,  processing,  and  NDE  tech- 
niques being  developed  for  brittle  materials. 

In  fiscal  year  1977,  ERDA,  now  Department  of  Energy.  DOE,  joined  forces  with  DARPA  to  support 
this  project.  The  progress  made  on  the  DARPA  Ceramic  Turbine  Testing  Program  is  presented  in  this 
volume  while  the  progress  on  the  ERDA  Ceramic  Turbine  Technology  and  Ceramic  Turbine  Materials 
and  NDE  Technology  Programs  is  presented  in  Volume  2. 

The  principal  investigator  of  this  program  is  Mr.  A.  F.  McLean,  Ford  Motor  Company,  and  the 
technical  monitor  is  Dr.  E.  S.  Wright,  AMMRC.  The  authors  would  like  to  acknowledge  the  valuable 
contributions  in  the  performance  of  this  work  by  the  following  people: 


Ford  Motor  Company 

N.  Arnon,  R.  |.  Baer,  J.  H.  Buechel.  D.  j.  Cassidy,  j.  C.  Caverly,  G.  C.  DeBell,  A.  Ezis,  E.  A.  Fisher,  D.  L. 
Hartsock,  P.  H.  Havstad,  j.  A.  Herman,  R.  A.  jeryan,  C.  F.  johnson,  j.  A.  Mangels,  W.  E.  Meyer,  A. 
Paluszny,  G.  Peitsch,  J.  R.  Secord,  L.  R.  Swank,  W.  Trela,  T.  j.  Whalen,  R.  M.  Williams,  W.  Wu 


Army  Material  and  Mechanics  Research  Center 

G.  E.  Gazza,  E.  M.  Lenoe,  R.  N.  Katz,  D.  R.  Messier,  H.  Priest 


111 


TABLE  OF  CONTENTS 


• Title  Page i 

• Abstract ii 

• Foreword Hi 

• Table  of  Contents iv 

• List  of  Illustrations v 

• List  of  Tables vi 

1.  Introduction 1 

2.  Summary 7 

2.1  Program  Highlights 7 

2.2  Cumulative  Program  Summary 9 

2.2.1  Ceramic  Component  Development 9 

2.2.2  Materials  Technology 17 

2.3  Future  Plans 21 

3.  Ceramic  Component  Evaluation 23 

3.1  Duo-Density  Silicon  Nitride  Ceramic  Rotors 23 

3.1.1  Duo-Density  Silicon  Nitride  Rotor  Fabrication 24 

3.1.2  Duo-Density  Silicon  Nitride  Rotor  Testing 33 

3.2  Ceramic  Stator,  Shroud.  Nose  Cone  and  Combustor  Development 47 

3.2.1  Fabrication 48 

3.2.2  Testing 52 

4.  References 65 


Iv 


UST  OF  ILLUSTRATIONS 


Figure  1.1  Schematic  View  of  the  Vehicular  Turbine  Engine  Flowpath 3 

Figure  1.2  DARPA/ERD A/Ford  Ceramic  Turbine  Program  — Major  Project  and 

Development  Loops 4 

Figure  1.3  DARPA/ERDA  Supported  Tasks  in  the  “Brittle  Materials  Design,  High 

Temperature  Gas  Turbine"  Program 5 

Figure  3.1  Yield  of  Good  As-Molded  Blade  Rings 24 

Figure  3.2  Simplified  Two-Piece  Hot  Press  Bonding  Configuration 26 

Figure  3.3  Wax  Potted  Rotor  Prior  to  Finish  Machining 27 

Figure  3.4  Diamond  Plated  Rotor  Contour  Grinding  Wheel 27 

Figure  3.5  Finish  Machined  Duo-Density  Turbine  Rotor 28 

Figure  3.6  Rotor  Blade  Ring  with  Rim  Crack  Defect 30 

Figure  3.7  Rotor  Blade  Internal  Flaw 31 

Figure  3.8  Rotor  Blade  Backside  Flaw 31 

Figure  3.9  Hot  Spin  Rig  Combustor  with  Encased  Plenum 35 

Figure  3.10  Rotor  Bolt  Temperature  Distribution 36 

Figure  3.11  Cross  Section  of  Modified  Engine  Flowpath 40 

Figure  3.12  Ceramic  Turbine  Rotor  1195,  Attachment  Hardware  and  Main  Shaft 41 

Figure  3.13  Start  Transients  of  Initial  10-Hour  Run  of  Rotor  1195 42 

Figure  3.14  Shutdown  Transients  of  Initial  10-Hour  Run  of  Rotor  1195 42 

Figure  3.15  Rotor  1195  after  10-Hour  Run 43 

Figure  3.16  Start  Transients  of  25-Hour  Run  of  Rotor  1195 43 

Figure  3.17  Cross-Sectional  View  Showing  Rotor  Front  Face  Cavity 44 

Figure  3.18  Reconstructed  Nose  Cone  after  Failure  of  Rotor  1195 44 

Figure  3.19  Rotor  1195  Reconstructed  after  Failure 45 

Figure  3.20  Sprue  Detail  of  Design  D’  Stator  Tool 48 

Figure  3.21  Modified  Nose  Cone  Tooling 50 

Figure  3.22  Slip  Cast  Nose  Cone 51 

Figure  3.23  Stator  Vane  Loading  Schematic 56 

Figure  3.24  Flaw  Size  Versus  Failure  Load 57 

Figure  3.25  Flaw  Free  Vane  Failure  Loads 57 

Figure  3.26  Stator  Outer  Shroud  Pressure  Test  Fixture 58 

Figure  3.27  Flowpath  Components  after  175  Hours  at  lOSO'F 60 

Figure  3.28  Percent  Weight  Gain  versus  Time  Data  for  175  Hour,  1930‘’F  Components 61 

Figure  3.29  Flowpath  Components  after  25  Hours  at  2500®F 61 

Figure  3.30  Percent  Weight  Gain  versus  Time  Data  for  25  Hour,  2500“F  Components 62 


U8T  OF  TABLES 


Table  3.1  Blade  Ring  Quality  Definition 29 

Table  3.2  Blade  Ring  Mechanical  Load  Testing  Results 32 

Table  3.3  Cold  Spin  Test  Results 34 

Table  3.4  Creep  Measurements  of  H>11  Rotor  Bolts 35 

Table  3.5  Ceramic  Rotor  Test  Results  in  Hot  Spin  R^ 36 

Table  3.6  Reaction  Bonded  Silicon  Carbide  Stators 49 

Table  3.7  Summary  of  Nose  Cone  Testing 53 

Table  3.8  Summary  of  Stator  Testing 54 

Table  3.9  Summary  of  Shroud  and  Centering  Ring  Testing 55 

Table  3.10  Approximate  Flaw  Sire  Data 56 

Table  3.11  Stator  Shroud  Pressure  Test  Results 58 

Table  3.12  Summary  of  Stator  Qualification  Sequence  Test  Results 59 

Table  3.13  175-Hour  Flowpath  Components 60 

Table  3.14  25-Hour  Flowpath  Components 62 

Table  3.15  1930"F  Durability  Testing  of  25-Hour.  2500“F  Flowpath  Components 63 

Table  3.16  Extended  Light-Off  Flowpath  Components 63 


INTRODUCTION 


l.t. 


In  |uly,  1971.  the  Defense  Advanced  Research  Projects  Agency  of  the  Department  of  Defense  jointly 
sponsor^  a program  with  Ford  Motor  Company  to  develop  the  use  of  brittle  materials  for  engineering 
applications.  The  major  program  goal  was  to  prove  by  a practical  demonstration  that  efforts  in  ceramic 
design,  materials,  fabrication,  testing  and  evaluation  could  be  drawn  together  and  developed  to  estab- 
lish the  usefulness  of  brittle  materials  in  demanding  high  temperature  structural  applications. 


The  gas  turbine  engine,  utilizing  uncooled  ceramic  components  in  the  hot  flow  path,  was  chosen  as 
the  vehicle  for  this  demonstration.  The  progress  of  the  gas  turbine  engine  has  been  and  continues  to  be 
closely  related  to  the  development  of  materials  capable  of  withstanding  the  engine's  environment  at 
high  operating  temperature.  Since  the  early  days  of  the  jet  engine,  new  metals  have  been  developed 
which  allowed  a gradual  increase  in  operating  temperatures.  Today’s  nickel-chrome  superalloys  are  in 
use,  without  cooling,  at  turbine  inlet  gas  temperatures  of  1800°F.  However,  there  is  considerable 
incentive  to  further  increase  turbine  inlet  temperature  in  order  to  improve  specific  air  and  fuel 
consumptions.  The  use  of  ceramics  in  the  gas  turbine  engine  promises  to  make  a major  step  in 
increasing  turbine  inlet  temperature  to  2500°F.  Such  an  engine  offers  significant  advances  in  efficien- 
cy, power  per  unit  weight,  cost,  exhaust  emissions,  materials  utilization  and  fuel  utilization.  Successful 
application  of  ceramics  to  the  gas  turbine  would  therefore  not  only  have  military  significance,  but 
would  also  greatly  influence  our  national  concerns  of  air  pollution,  utilization  of  material  resources, 
and  the  energy  crisis. 

At  the  program  beginning,  the  application  of  ceramics  was  planned  for  two  gas  turbine  engines  of 
greatly  different  size.  One  was  a small  vehicular  turbine  of  about  200  HP  (contractor  Ford)  and  the 
other  was  a large  stationary  turbine  of  about  30  MW  (subcontractor  Westinghouse).  In  the  vehicular 
turbine  project,  the  plan  was  to  develop  an  entire  ceramic  hot  flow  path  including  the  highly  stressed 
turbine  rotors.  In  the  stationary  turbine  project,  the  engine  was  so  large  that  plans  were  confined  to  the 
development  of  ceramic  first  stage  vanes,  and  design  studies  of  ceramic  rotors. 

It  should  be  noted  that  both  the  contractor  and  subcontractor  had  in-house  research  programs  in  this 
area  prior  to  initiation  of  this  program.  Silicon  nitride  and  silicon  carbide  had  been  selected  as  the 
primary  material  candidates.  Preliminary  design  concepts  were  in  existence  and,  in  the  case  of  tiie 
vehicular  engine,  hardware  had  been  built  and  testing  had  been  initiated. 


One  difference  in  philosophy  between  the  two  projects  is  worth  noting.  Because  the  ceramic  materi- 
als, fabrication  processes,  and  designs  were  not  developed,  the  vehicular  turbine  engine  was  designed 
as  an  experimental  unit  and  featured  ease  of  replacement  of  ceramic  components.  Iterative  develop- 
ments in  a component's  ceramic  material,  process,  or  design  can  therefore  be  engine-evaluated  fairly 
rapidly.  This  work  can  then  parallel  and  augment  the  time-consuming  efforts  on  material  and  compo- 
nent characterization,  stress  analysis,  heat  transfer  analysis,  etc.  Some  risk  of  damage  to  other  compo- 
nents is  present  when  following  this  approach,  but  this  is  considered  out-weighed  by  the  more  rapid 
acquisition  of  actual  test  information.  On  the  other  hand,  the  stationary  turbine  engine  is  so  large,  so 
expensive  to  test,  and  contains  such  costly  and  long  lead-time  components  which  could  be  damaged  or 
lost  by  premature  failure,  that  very  careful  material  and  design  work  must  be  performed  to  minimize 
the  possibility  of  expensive,  time-consuming  failures  during  rig  testing  ond.  even  more  critically, 
during  engine  testing.  These  anticipated  difficulties  in  applying  ceramics  to  a large  stationary  turbine 
engine  were  substantiated  to  the  extent  that  the  scope  of  work  for  the  stationary  turbine  project  was 
revised  to  demonstrate  ceramic  stator  vanes  in  a static  test  rig  rather  than  the  formidable  task  of  testing 
in  an  actual  30  MW  test  turbine  engine'll  The  stationary  turbine  project  was  completed  in  1976  with 
the  testing  of  ceramic  stator  vanes  in  a static  test  rig  for  100  cycles  up  to  temperatures  of  2500°^  The 
Westinghouse  final  reports  on  the  stationary  turbine  project  have  been  compiled  and  are  nearing 
pubiicatioii^^l  This  report  and  future  reports  under  this  contract  will  therefore  deal  entirely  with  the 
vehicular  turbine  project. 


The  principal  objective  of  the  Vehicular  Turbine  Project  was  to  develop  ceramic  components  and 
demonstrate  them  in  a 200-HP  size  high  temperature  vehicular  gas  turbine  engine.  The  entire  hot  flow 
path  will  comprise  uncooled  parts.  The  attainment  of  this  objective  will  be  demonstrated  by  200  hours 
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of  operation  over  a representative  duty  cycle  at  turbine  inlet  temperatures  of  up  to  2500”  F.  Successful 
completion  of  this  program  objective  will  not  only  demonstrate  that  ceramics  are  viable  structural 
engineering  materials,  but  will  also  represent  a significant  breakthrough  by  removing  the  temperature 
barrier  which  has  for  so  long  held  back  more  widespread  use  of  the  small  gas  turbine  en^ne. 

Development  of  the  small  vehicular  regenerative  gas  turbine  engine  using  superalloy  materials  has 
been  motivated  by  its  potentially  superior  characteristics  when  compared  with  the  piston  engine. 
These  include: 

— Continuous  combustion  with  inherently  low  exhaust  emissions 

— Multi-fuel  capability 

— Simple  machine,—  fewer  moving  parts 

— Potentially  very  reliable  and  durable 

— Low  maintenance 


— Smooth,  vibration-free  production  of  power 

— Low  oil  consumption 

— Good  cold  starting  capabilities 

— Rapid  warm-up  time 

I 

With  such  impressive  potential,  the  gas  turbine  engine  using  superalloys  has  been  under  investiga- 
tion by  every  major  on-highway  and  off-highway  vehicle  manufacturer  In  the  world,  and.  In  Novem- 
ber 1976.  was  selected  by  the  U.S.  Army  as  the  engine  for  the  XMl  tank.  •' 

In  addition,  the  small  gas  turbine  engine  without  exhaust  heat  recovery  (i.e.,  non-regenerativej  is  an 
existing  proven  type  of  power  plant  widely  used  for  auxiliary  power  generation,  emergency  standby 
and  continuous  power  for  generator  sets,  pump  and  compressor  drives,  air  supply  units,  industrial 
power  plants,  aircraft  turboprops,  helicopter  engines,  aircraft  jet  engines,  marine  engines,  small  porta- 
ble power  plants,  total  energy  systems,  and  hydrofoil  craft  engines.  While  this  variety  of  applications  of 
the  small  gas  turbine  using  superalloys  is  impressive,  more  widespread  use  of  this  type  engine  has  been 
hampered  by  two  major  barriers,  efficiency  and  cost.  This  is  particularly  so  in  the  case  of  high  volume 
automotive  applications. 

Since  the  gas  turbine  is  a heat  engine,  efficiency  is  directly  related  to  cycle  temperature.  In  current 
small  gas  turbines,  maximum  temperature  is  limited  not  by  combustion,  which  at  stoichiometric  fuel/ 
air  ratios  could  produce  temperatures  well  in  excess  of  3S00°F,  but  by  the  capabilities  of  the  hot 
component  materials.  Today,  nickel-chrome  superalloys  are  used  in  small  gas  turbines  where  blade 
cooling  is  impractical,  and  this  limits  maximum  turbine  inlet  gas  temperature  to  about  1800”F.  At  this 
temperature  limit,  and  considering  state-of-the  art  component  efficiencies,  the  potential  overall  effi- 
ciency of  the  small  regenerative  gas  turbine  is  not  significantly  better  than  that  of  the  gasoline  engine 
and  not  as  good  as  the  Diesel.  On  the  other  hand  a ceramic  gas  turbine  engine  operating  at  2500°  F will 
have  fuel  economies  superior  to  the  conventional  Diesel  at  significant  weight  savings. 

The  other  major  barrier  is  cost  and  this  too  is  strongly  related  to  the  hot  component  materials. 

Nickel-chrome  superalloys,  and  more  significantly  cobalt  based  superalloys  which  meet  typical  tur- 
bine engine  specifications,  contain  strategic  materials  not  found  in  this  country  and  cost  well  over  * 

|5/Ib.  This  is  an  excessive  cost  with  respect  to  high  volume  applications  such  as  trucks  or  automobiles. 

High  temperature  ceramics  such  as  silicon  nitride  or  silicon  carbide,  on  the  other  hand,  are  made  V 

from  readily  available  and  vastly  abundant  raw  materials  and  show  promise  of  significantly  reduced 
cost  compared  to  superalloys,  probably  by  at  least  an  order  of  magnitude. 
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Thus,  successful  application  of  ceramics  to  the  smoll  turbine  engine,  with  an  associated  quantum 
jump  to  2S00*F  would  not  only  offer  all  of  the  attributes  listed  earlier,  but  in  addition  would  offer 
superior  fuel  economy  and  less  weight  at  competitive  cost  with  the  piston  engine. 


The  vehicular  project  is  organized  to  design  and  develop  an  entire  ceramic  hot  flow  path  for  a high 
temperature,  vehicular  gas  turbine  engine.  Figure  1.1  shows  a schematic  of  this  experimental  regenera- 
tive engine,  designated  model  820.  Air  is  induced  through  an  intake  silencer  and  filter  into  a radial 
compressor,  and  then  is  compressed  and  ducted  through  one  side  of  each  of  two  rotary  regenerators. 
The  hot  compressed  air  is  then  supplied  to  a combustion  chamber  where  fuel  is  added  and  combustion 
takes  place. 


Figure  1.1  — Schematic  View  of  the  Vehicular  Turbine  Engine  Flowpath 


The  hot  gas  discharging  from  the  combustor  is  then  directed  into  the  turbine  stages  by  a turbine  inlet 
nose  cone.  The  gas  then  passes  through  the  turbine  stages  which  comprise  two  turbine  stators,  each 
having  stationary  airfoil  blades  which  direct  the  gas  onto  each  corrcsptmding  turbine  rotor.  In  passing 
through  the  turbine,  the  gas  expands  and  generates  work  to  drive  the  compressor  and  supply  useful 
power.  The  expanded  turbine  exhaust  gas  is  then  ducted  thnnigh  the  hot  side  of  each  of  the  two 
regenerators  which,  to  conserve  fuel,  transfer  much  of  the  exhaust  heat  liack  into  the  compresstni  air. 

The  hot  flow  path  components,  subject  to  peak  cycle  temperature  and  made  out  of  siipt'ralloys  in 
today's  gas  turbine,  arc  the  combustor,  the  turbine  inlet  nose  cone,  the  turbine  stators,  the  turbine  tip 
shrouds,  and  the  turbine  rotors.  These  are  the  areas  where  the  luse  of  ceramics  could  result  in  the 
greatest  benefits,  therefore  these  components  have  licen  .selected  for  application  of  ceramics  in  the 
vehicular  turbine  project. 

Successful  development  of  the  entire  ceramic  flow  path,  as  demonstrated  in  a high  temtwraturt> 
vehicular  gas  turbine  engine,  will  involve  a complex  iterative  development.  Figure  1.2  shows  a block 
diagram  flow  chart,  including  the  feedback  looi»,  of  the  major  factors  involved,  and  servos  to  illustrate 
the  magnitude  of  this  complex  and  comprehensive  iterative  development  program.  Of  ixirticular 
importance  is  the  interrelationship  of  design,  materials  development,  ceramic  processes,  com^wnent 
rig  testing,  engine  testing,  non -destructive  evaluation  and  failure  analysis. 
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Figure  IJl  — DARPA/ERDA/Ford  Ceramic  Turbine  Program  — Major  Project  and  Development 
Loop* 


One  cannot  divorce  the  development  of  ceramic  materials  from  processes  for  making  parts:  no  mure 
so  can  one  isolate  the  design  of  those  parts  from  how  they  are  made  or  from  what  they  are  made. 
Likewise,  the  design  of  mountings  and  attachments  between  metal  and  ceramic  parts  within  the  engine 
are  equally  important.  Innovation  in  the  control  of  the  environment  of  critical  engine  components  is 
another  link  in  the  chain.  Each  of  these  factors  has  a relationship  with  the  others,  and  to  obtain  success 
in  any  one  may  involve  compromises  in  the  others. 


Testing  plays  an  important  role  during  the  iterative  development  since  it  provides  a positive,  objec- 
tive way  of  evaluating  the  various  combinations  of  factors  involved.  If  successful,  the  test  yields  the 
credibility  to  move  on  to  the  next  link  in  the  development  chain.  If  unsuccessful,  the  test  flags  a 
warning  and  prompts  feedback  to  earlier  developments  to  seek  out  and  solve  the  problem  which  has 
resulted  in  failure.  Finally,  all  of  the  links  in  the  chain  are  evaluated  by  a complete  engine  test,  by 
which  means  the  ultimate  objective  of  the  program  will  be  demonstrated.  It  is  important  then  to 
recognize  that  this  is  a systems  development  program  — no  single  area  is  independent,  but  each  one 
feeds  into  the  total  iterative  system. 

In  fiscal  year  1977,  ERD.^  joined  forces  with  DARPA  to  support  the  program.  The  ERDA  Division  of 
Transportation,  working  closely  with  NASA-Lewis,  have  been  supporting  process  development  to 
improve  the  fabrication  of  ceramic  turbine  rotors,  and  ERDA’s  Division  of  Conservation  Research  and 
Technology  has  been  supporting  some  of  the  work  on  non -destructive  evaluation  of  ceramics  and 
ceramic  materials  characterization  (Figure  1.3).  AMMRC  has  maintained  overall  participative  moni- 
toring responsibility  for  this  joint  program. 

Volume  1 of  this  report  covers  the  DARPA  Ceramic  Turbine  Testing  Program  and  represents  the 
12th  report  of  progress.  Volume  2 covers  the  progress  on  ERDA’s  Ceramic  Turbine  Rotor  Technologj’ 
and  Ceramic  'Dirbine  Materials  and  NDE  Technology  Programs. 

4 


I 


TASK  I 
DARPA 

CERAMIC  TURBINE  TISTIWG  PROGRAM 

t CONTWUf  TO  FABRICATE  STATIONART  AND  ROTATING 
CERAMIC  COMPONENTS 

• CONTINUE  TO  TEST  STATIONARY  AND  ROTATING  COMPONENTS 
IN  EXISTING  TEST  RIGS  AND  ENGINES 


TASK  II 

ERDA-(OIVISION  OF  TRANSPORTATION/NASA-LEWIS 
CERAMIC  TURBINE 

ROTOR  TICHNOLOCY  PROGRAM 


• DEVELOP  CERAMIC  MATERIALS  AND  PROCESSING 

technology  for  turbine  rotors 

• CONTINUE  DEVELOPMENT  OF  STRESS  AND  RELIABILITY 

DESIGN  CODES 


TASK  lU 

EROA  -(DIVISION  OF  CONSERVATION  RESEARCH 
AND  TECHNOLOGY) 

CERAMIC  TURBINE  MATtRIALS  AND  MDR 

TECHNOLOGY  PROGRAM 

• CHARACTERIZATION  OF  CERAMIC  ROTOR  MATERIALS 

• DEVELOP  NEW  NOE  TECHNIOUES  FOR  CERAMIC 

TURBINE  COMPONENTS 


Figure  1.3  — DARPA/ERDA  Supported  Tasks  in  the  “Brittle  Materials  Design,  High  Temperature 
Gas  Turbine”  Program 

The  Ford/DARPA  Ceramic  Turbine  Testing  Program  represents  a continuation  of  the  FORD/ARPA 
"Brittle  Materials  Design.  High  Temperature  Gas  Turbine”  Program  DARPA’sgoal  remains  to 
show,  by  a 200  hour  demonstration  (at  temperatures  up  to  2500°F)  of  a ceramic  gas  turbine  engine,  that 
ceramic  design,  materials,  fabrication,  testing  and  evaluation  can  be  sufficiently  developed  to  establish 
the  usefulness  of  brittle  materials  for  demanding  engineering  applications.  During  the  past  nine 
months,  the  DARPA  portion  of  the  program  was  specifically  oriented  toward  the  evaluation  of  the 
reliability  of  state-of-the-art  ceramic  components  which  were  developed  over  the  previous  five  and 
one  half  years. 

Since  the  beginning  of  the  FORD/DARPA  program,  a considerable  amount  of  technology'  has  been 
developed  and  applied  to  the  design  and  analysis  of  ceramic  components.  Similar  progress  was  made 
on  ceramic  material  and  process  development,  and  on  ceramic  component  and  engine  testing.  During 
this  reporting  period,  these  t^hnologies  were  used  to  fabricate  stationary  and  rotating  ceramic  compo- 
nents and  assess  their  reliability  by  testing  in  rigs  and  engines. 

Fabrication  of  ceramic  turbine  rotors,  stators,  nose  cones,  rotor  tip  shrouds,  combustors,  and  regen- 
erator cores  and  seals  was  continued  in  order  to  supply  components  for  test  rig  and  engine  evaluation. 
In  the  case  of  ceramic  rotors  for  testing,  rotor  fabrication  incorporated,  wherever  possible,  process 
improvements  developed  under  the  Ceramic  Turbine  Rotor  Technology  Program  supported  by  ERDA 
Division  of  Transportation  (Volume  2 of  this  report).  The  components  were  prepared  for  testing 
through  several  inspection  stages,  including  close  visual  inspection  (10-70X),  X-ray  radiography  and 
die  penetrant  inspection  where  applicable,  both  before  and  after  machining. 

Test  and  evaluation  of  ceramic  turbine  components  included  screening  and  qualification  tests 
previously  developed  to  eliminate  weak  or  flawed  parts.  Stationary  ceramic  components  were  durabil- 
ity tested  in  static  test  rigs  and  in  the  full  engine  configuration.  Ceramic  turbine  rotors  were  evaluated 
in  a modified  820  ceramic  gas  turbine  engine. 


2.1 


SUMMARY 


2.1  PROGRAM  HIGHUGHTS 

This  section  prasonts  a brief  Ibting  of  major  accomplishments  achieved  in  the  Ford/DARPA/* 
ERDA  program.  The  numbers  in  parentheses  refer  to  references  listed  in  Section  4.0  of  this  report. 

e injection  molding  and  slip  casting  technology  was  developed  to  fabricate  complex  shaped  silicon 
preforms  such  as  blade  rings,  stators  and  nose  cones  which  nitride  to  2.7g/cc  (9.10.11), 

a solid  state  control  system  designed,  built  and  used  to  regulate  the  molding  parameters  and  auto- 
mate the  fabrication  of  blade  rings,  stators  and  nose  cones(ll). 

a nitrogen/hydrogen  demand  cycle  conceived  and  implemented  for  nitriding  silicon  compacts  to  a 
density  of  2.55-2.7g/cc(9). 

a 2.7g/cc  injection  molded  reaction  sintered  silicon  nitride  achieved  4 pt  bend  strengths  of  43  ksi  at 
70'’F(8)  and  no  time  dependent  failures  at  20-30  ksi  and  1900-2000°F  for  up  to  200  hours(19). 

a many  rotor  fabrication  approaches  investigated  and  discarded  or  shelved|l*5).  Duo-density  sili- 
con nitride  rotor  concept  conceived(2)  consisting  of  reaction  bonded  silicon  nitride  blades  and  a 
hub  of  hot  pressed  silicon  nitride. 

a hot  press  bonding  technology  was  developed  to  produce  a 70%  yield  of  duo-density  rotors  free  of 
flaws  induced  by  hot  pressing(12|. 

a processes  for  making  all  ceramic  (silicon  nitride  and/or  silicon  carbide)  parts  (combustor,  nose 
cone,  stators,  rotor  tip  shrouds  and  rotors)  devised  and  developed.  Many  parts  of  each  type  made 
to  develop  the  processes  and  evaluated  by  testing(l*lll. 

a ultrasonic  C-scan,  acoustic  emissions  and  microfocus  X-ray  techniques  investigated  for  NDE  of 
ceramic  components  (1*6,11). 

a rotor  blade  and  stator  vane  bend  tests,  stator  shroud  test  and  10-light  qualification  tests  developed 
as  screening  tests  for  ceramic  components(6.8-ll). 

a 2.7g/cc  stator  vanes  survived  over  9000  cycles  to  2700®  F on  the  Thermal  Shock  Rig  (8). 

a a probabilistic  design  technique  for  ceramics  was  developed  and  applied  to  ceramic  rotorslS). 

a hot  pressed  Si3N4  rotor  hubs  demonstrated  a characteristic  failure  speed  of  108,500  rpm  with  a 
Weibull  slope  of  14.8  which  was  in  agreement  with  analytical  predictions(10). 

a aerodynamic/reliability  studies  showed  a 3-stage  turbine  at  50,000  rpm  had  a higher  reliability 
than  a 2-stage  at  64,000  rpm  for  the  same  power  and  efficienc>'(ll). 


a all  stationary  ceramic  components  successfully  met  the  program  durability  goal*. 


Hours  at 

Hours  at 

Total 

1930®F 

2500®F 

Hours 

Program  Goal 

175 

+ 25 

- 

200 

Reaction  Bonded  SiC  Combustor 

175 

26 

201 

Reaction  Sintered  Si3N4  Nose  cone 

175 

26 

201 

Reaction  Sintered  Si3N4  Stators 

175 

26 

201 

Reaction  Bonded  SiC  Stator 

176 

29 

205 

Reaction  Sintered  Si3N4  Shrouds 

NOTE:  Refer  to  this  report  for  items  noted*. 

175 

26 

201 

PRSCXOINO  PiOE  M-Asy 


• du<Mlen9ity  silicon  nitride  rotor  #1195  engine  tested  for  10  hours  at  2200° F Turbine  Inlet  Temper- 
ature and  45,000  rpm  without  failure;  rotor  additionally  tested,  successfully,  for  25  hours  at 
2250*F,  50,000  rpm,  plus  1/,  hours  at  2500°F,  50,000  rpm;  failure  occurred  during  a shutdown  due 
to  790°F  overtemperature  in  the  vicinity  of  the  curvic  coupling*. 
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CUMULATIVE  PROGRAM  SUMMARY 


tt 

To  meet  the  program  objectives,  the  work  has  been  divided  into  two  major  tasks: 

1.  Ceramic  Component  Development 

2.  Materials  Technology 

A review  of  progress  throughout  the  history  of  this  program  and  present  status  in  each  of  these  tasks 
is  summarized  in  Section  2.2.1  and  2.2.2. 

2,2.1  CERAMIC  COMPONENT  DEVELOPMENT 

Two  categories  of  ceramic  components  are  under  development:  rotating  parts  (i.e.,  ceramic  rotors), 
and  stationary  parts  (i.e.,  ceramic  stators,  rotor  tip  shrouds,  nose  cones,  and  combustors).  In  this 
iterative  development,  each  component  will  pass  through  various  phases  comprising  design  and  analy* 
sis,  materials  and  fabrication,  and  testing. 

CERAMIC  ROTORS 

The  development  of  the  ceramic  turbine  rotors  is  by  far  the  most  difficult  task  in  the  ARPA  program. 
This  is  because  of: 

• The  very  complex  shape  of  the  turbine  rotor  forcing  the  development  of  new  and  unique  fabrication 
capabilitijs. 

• The  high  centrifugal  stresses  associated  with  high  maximum  rotor  speeds. 

• The  high  thermal  stresses  and  associated  thermal  fatigue  resulting  from  both  steady  state  and 
transient  high  temperature  gradients  from  the  rotor  rim  to  the  rotor  hub. 

• The  hostile  environment  associated  with  the  products  of  combustion  from  the  combustor. 

• The  high  temperature  of  the  uncooled  blades  resulting  from  turbine  inlet  gas  temperatures  of 
2500^. 

Progress  and  Status 

• Fully  dense  Si3N4  first  and  second  stage  integral  rotors  were  designed  and  analyzed  (1,2,3.4). 

• A method  of  attaching  rotors  was  conceived  and  designed  (1,2). 

• The  following  approaches  for  making  integral  rotors  were  investigated  but  discontinued: 

— Direct  hot  pressing  of  an  integral  Si3N4  rotor  (1). 

— Ultrasonic  machining  of  a rotor  from  a hot  pressed  Si3N4  billet  (1,2,3). 

— Hot  pressing  an  assembly  of  individually  hot  pressed  Si3N4  blades  (1,2). 

— Pseudo-isostatic  hot  pressing  of  an  injection  molded  Si3N4  preform  (1,2,3). 

— Hot  pressing  using  comformable  tooling  of  preformed  Si3N4  blades  and  hub  (2,3,4). 

— Fabrication  of  a dense  SiC  blade  ring  by  chemical  vapor  desposition  (1,2, 3,4). 

— Electric  discharge  machining  of  a rotor  from  a hot  pressed  SiC  billet  (2,3,4). 
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• A ‘duo'density''  Si3N4  ceramic  rotor  was  conceived  and  designed  (3). 

• Tooling  to  injection  mold  Si3N4  blade  rings  was  designed  and  procured  (3). 

• Several  hundred  hot  press  bonding  of  duo-density  rotors  have  been  carried  out  (10).  These  have 

progressed  from  rotors  with  flat-sided  hubs  to  fully-contoured  hubs  made  simultaneously  with  the  « 

hot  press  bonding  operation.  Prior  severe  blade  ring  distortion  problems  have  been  solved  by  using  a 
double  blade  fill  to  support  the  blade  ring  during  bonding.  In  addition,  the  diffusion  bond  has  been 
improved  as  evidenced  by  microstructural  examination.  Experiments  were  conducted  using  magne- 
sium nitrate  instead  of  magnesium  oxide  as  a densification  aid.  Excellent  bonding  and  density  were 
achieved  but  strength  was  deficient.  Successful  modifications  were  made  to  the  graphite  wedge 
system  to  reduce  blade  ring  cracking  and  tearing  problems.  Problems  which  remain  are  occasional 
blade  ring  and  rim  cracking  (4, 5,6, 7,8). 

• Over  110  cold  spin  tests  resulted  in  blade  failures  over  a range  of  speeds,  some  of  which  exceeded 
full  speed  requirements  of  the  new  Design  O'  blading.  However,  an  improvement  in  consistency  is 
required  if  a reasonable  yield  from  the  blade  ring  fabrication  process  is  to  be  achieved,  liiis 
emphasizes  the  need  for  three-dimensional  blade  stress  analysis  as  well  as  development  of  a higher 
strength,  better  quality  blade  material.  Cold  spin  testing  of  rotor  hubs  of  hot  pressed  Si3N4  showed  a 
characteristic  failure  speed  of  115,965  rpm  with  a Weibull  rpm  slope  of  17.66  (7).  Several  hot  pressed 
hubs,  made  by  the  hot  press  bonding  process,  were  cold  spun  to  destruction,  and  showed  results 
consistent  with  hot  pressed  hubs  fabricated  separately  (8).  A high  speed  motion  picture  study  (3000 
frames/sec)  was  conducted  of  a turbine  rotor  failure  in  the  cold  spin  pit  (8). 

• A three  dimensional  model  of  the  rotor  blade  along  with  heat  transfer  coefficients  has  been  gener- 
ated for  thermal  and  stress  analysis  (5.6,8). 

t 

• Development  of  better  quality  blade  rings  continues.  X-ray  radiography  of  green  parts  has  proved 

effective  in  detecting  major  flaws.  Slip  cast  Si3N4  test  bars  having  a density  of  2.7  gm/cc  show  four 
point  MOR  of  40,000  psi.  Processes  to  slip  cast  a rotor  blade  ring  have  been  investigated  as  have  • 

methods  of  achieving  2.7  gm/cc  density  with  injection  molded  material  (6.7,8). 

• Thermal  shock  testing  simulating  the  engine  light-off  condition  was  conducted  on  rotor  blade  rings 
for  approximately  2,500  cycles  without  damage  (5,6). 

• A technique  to  evaluate  probability  of  failure  using  Weibull’s  theories  was  developed  and  applied  to 
ceramic  rotors  (5). 

• A test  rig  was  designed  and  built  to  simulate  the  engine  for  hot  spin  testing  of  ceramic  rotors  (3,4,5).  A 
set  of  low  quality  duo-density  rotors  was  spin  tested  to  20%  speed  and  lOSO^F  for  a short  time  before 
failure,  believed  due  to  an  axial  rub  (7). 

• A revised  rotor  design  (Design  D)  was  conceived,  using  common  rotors  at  first  and  second  stage 
locations  (7). 

• A lower  stress  version  of  the  Design  D rotor,  designated  Design  ly,  has  been  designed  using  radially 
stacked  blade  sections.  Blade  centrifugal  stresses  were  reduced  from  21,000  psi  in  Design  D to  13,180 
psi  in  Design  D'  (8). 

• The  rotor  test  rig  was  rebuilt  and  testing  initiated  to  evaluate  tho  rotor  attachment  mechanism  and 
the  curvic  coupling  mounting  design.  Hot-pressed  Si3N4  rotor  hubs  were  subjected  to  10  operating 
cycles  from  900  to  lOOO’F,  during  a 3-3/4  hour  test,  without  damage  (8). 

« 

• Design  codes  for  ceramics  were  refined  to  include  nonlinear  thermal  properties  of  materials  and  to 

allow  for  the  specification  of  the  MOR-strength  and  Weibull  "m”  requirements  for  a given  failure  at 
a specified  loading  and  reliability  level  (9,10).  y 
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• Rotor  hubs  were  successfully  densified  and  press  bonded  at  both  2%  and  3-1/2%  MjjO  levels, 
resulting  in  reduction  of  MgO  migration  into  the  blade  ring  and  improved  high  temperature  strength 
over  previous  pressings  with  5%  MgO  (9). 

• A design  C duo-density  rotor  with  a few  obviously  flawed  blades  removed  was  cold  spin  tested  after 
static  oxidation  at  1900° F for  200  hours.  A single  half-blade  failure  occurred  at  53,710  rpm,  which 
corrects  to  68,000  rpm  or  105%  speed  for  the  present  shorter  bladed  Design  D'  configuration.  The 
results  of  a number  of  spin  tests  of  slip  cast  Si3N4  blade  segments  were  combined  to  yield  a median 
failure  speed  of  64,000  rpm  (9). 

• Over  five  hundred  blade  rings,  previous  to  Design  D',  were  injection  molded  for  press  bonding 
experiments,  cold  spin  tests,  and  hot  tests  (9). 

• New  tooling  to  injection  mold  the  lower  stressed  Design  D'  rotor  blade  rings  was  received  and  trial 
moldings  to  establish  molding  parameters  were  initiated  (9). 

• Progress  has  been  made  in  several  aspects  of  the  press-bonding  step  of  duo-density  rotor  fabrica- 
tion. A problem  of  excessive  deflection  of  the  graphite  support  structure  beneath  the  rotor  assembly, 
permitting  bending  and  subsequent  blade  fracture,  was  solved  by  the  substitution  of  high  modulus 
hot  pressed  SiC  for  the  low  modulus  graphite.  Increasing  the  rate  of  pressure  application  also 
improved  the  quality  of  the  hub  sections  (9). 

• A new  hot  spin  test  rig,  designed  to  improve  the  turn-around-time  in  testing  turbine  rotors,  has  been 
constructed,  and  is  currently  in  the  shakedown  testing  phase.  Using  gas  burners  instead  of  a gas 
turbine  combustion  system,  this  rig  simulates  the  engine  environment  and  was  designed  to  bo 
quickly  rebuilt  following  rotor  failures  (9). 

• In  a program  to  engine  evaluate  ceramic  rotors  having  reduced  blade  length  (and  less  risk  of 
catastrophic  failure),  two  duo-density  Si3N4  rotors  with  the  blades  shortened  to  10%.  of  the  design 
length  were  selected  and  cold  spun  to  64,000  rpm  (9).  These  rotors  were  then  hot  tested  in  an  engine 
for  45  minutes  at  32,000  rpm  and  2000°F  turbine  inlet  temperature  without  failure  (10). 

• The  aerodynamic  design  of  an  increased  efficiency  turbine,  designated  Design  E,  was  initiated. 
Flowpath  optimization,  a one  dimensional  stress  analysis,  and  preliminary  detailed  blade  section 
definition  were  completed  for  both  the  first  and  second  stage  turbine  stators  and  rotors  (9). 

• A process  has  been  developed  to  slip  cast  turbine  rotor  blade  rings  (9). 

• 3-D  stress  and  reliability  analyses  were  performed  on  preliminary  blade  configurations  for  the 
increased  efficiency  Design  E turbine  rotors  (10). 

• 500  Design  D'  blade  rings  have  been  injection  molded  which  will  nitride  to  2.7  g/cc  density  (10). 

• A new  fabrication  approach,  called  the  3 piece  concept,  to  make  duo-density  silicon  nitride  turbine 
rotors,  was  conceived  and  demonstrated  that  a significant  reduction  of  applied  loads  during  hot 
press  bonding  could  be  achieved,  generally  eliminating  blade  and  rim  cracking  (10). 

• Good  correlation  was  demonstrated  between  predicted  cold  Inirsl  speed  and  actual  spin  lest  results 
on  nine  rotor  hubs  spun  to  destruction  (10). 

• Six  available  duo-density  turbine  rotors  of  imperfect  quality  were  used  to  check  out  the  hot  spin  rigs 
by  hot  spin  testing  to  failure,  with  failure  speeds  ranging  from  12,000  rpm  to  35,300  rpm  at  rotor  rim 
temperatures  ranging  from  1780°  to  2250° F,  (corresponding  to  equivalent  estimated  blade  tip  tem- 
peratures in  an  engine  of  1930°F  to  2400°F)  (10). 

• A duo-density  rotor  with  flawed  blades  removed  achieved  52,800  rpm  in  the  modified  design  engine 
with  ceramic  stationary  flowpath  prior  to  an  unscheduled  dynamometer  shutdown.  A maximum 
turbine  inlet  fcm(?erature  of  2650°F  was  observed  during  this  run.  Post  inspection  .showed  all 

11 


ceramic  parts  to  be  crack  free.  The  rotor  failed  during  a subsequent  run  at  50,0011  rpm  and  2:i00°l' 
T.l.T.  (10). 

• Since  the  Weibuil  probabilistic  method  is  beinx  used  in  the  design  of  ceramic  turbine  rotors,  an 
investigation  of  various  estimation  techniques  to  obtain  Weibidl  parameters  from  test  data  was 
carried  out.  The  methotl  selected  and  used  in  this  program  is  the  ”Maximum  I.ikeliho(Hl  Kstimator" 
(MLE)  method.  Confidence  intervals  in  estimating  Weibuil  parameters  using  the  MLE  metlunl  were 
computed  to  var\'  significantly  with  the  number  of  samples  tested  (11). 

• An  analytical  method  was  prepared,  based  on  the  Wiederhorn-Kvans  approach  (11),  to  predict  tin? 
time-to-failure  of  complex,  multiaxially-stressed  ceramic  components  such  as  the  ceramic  turbine 
rotor  (11), 

• Effort  to  design  improved  efficiency  ceramic  turbine  stages  (flesign  E)  led  to  the  consideration  of  a :i- 
stage  turbine  versus  the  current  2-stage  design.  It  was  shown  that,  for  the  same  overall  level  of 
efficiency,  a three  stage  turbine  would  have  a significantly  higher  reliability  and  could  operate  at 
50,000  rpm  maximum  speed  rather  than  the  64,000  rpm  required  to  obtain  the  same  power  output 
from  a two  stage  turbine.  Alternately,  for  equal  levels  of  overall  reliability,  the  3-stage  design  can  be 
exjMJctcd  to  be  3-5  percentage  points  better  in  aerodynamic  efficiency.  Further  work  on  improved 
efficiency  Design  E turbine  stages  was  terminated  as  a re.sult  of  reductions  in  the  overall  |)rogram 
(11). 

• An  automatic  control  system  utilizing  solid  stale  logic  elements  was  designeil,  built  and  applied  to 
the  injection  molding  of  ceramic  turbine  components,  particidarly  rotor  blade  rings.  The  objective 
was  to  consistently  control  such  parameters  as  molding  material  temperature,  die  temperature  and 
various  sequencing  times.  The  desired  setting  of  each  p)aramelcr  was  varied  systematically  to  optim- 
ize the  molding  process  for  rotor  blade  rings  based  on  visual  and  X-ray  inspection.  In  addition  to 
using  optimized  molding  parameters,  it  was  found  necessary  to  clamp  the  die  accurately  to  avoid 
blade  root  cracks,  and  to  pre-extrude  the  starting  material  to  avoiti  unmelled  inclu.sions.  A quantity 
of  Design  D'  rotor  blade  rings  was  molded  in  the  2.7  g/cc  densib’  Si3N4  material  system  utilizing 
these  improvements  for  subsequent  processing  (11). 

• A parametric  study  of  processing  bot  pressed  Si3N4  (UPSN)  involving  Si3N4  powder  quality,  hot 
pressing  additive,  powder  milling  conditions,  and  hot  pressing  conditions,  was  initialed  in  an  effort 
to  improve  the  expected  reliability  of  duo-density  Si3N4  turbine  rotors.  Sixty  UPSN  billets  were 
made  and  used  to  establish  Weibuil  strength  data  at  IhOO^F  and  2200°F  which  is  representative  of 
the  maximum  operating  temperatures  at  the  rotor  bore  and  bond  respectively  (11). 

• Test  bars  cut  from  three-piece  duo-density  Si3N4  rotors  showed  low  strength  in  the  bond  between 
the  HPSN  hub  and  the  HPSN  bonding  ring.  Failures  of  this  bond  in  spin  tests  also  confirmed  its  lack 
of  strength.  In  parallel,  parametric  studies  on  hot  pressing  Si3N4  showed  that  flat  sided  HPSN  discs 
could  be  made  at  pressures  as  low  as  500  psi.  As  a result,  an  improved  two-piece,  duo-density  Si3N4 
rotor  with  a simplified  hub  profile  was  considered;  this  would  eliminate  the  troublesome  hub/bond- 
ing ring  bond  and  facilitate  low  hot  pressing  pressures  which  should  minimize  blade  ring  damage. 
Ten  such  two-piece,  duo-density  Si3N4  rotors  were  hot  press  bonded  at  pressures  from  500  to  1500 
psi  using  a 3-1/2  w/o  MgO  additive  material  for  the  hub.  Three  of  these  had  no  rim  cracks  and  only 
minor  blade  cracking,  and  have  been  selected  for  finish  machining  and  subsequent  spin  testing  (11). 

• Development  of  the  hot  spin  rig  continued  and  resulted  in  improvements  in  the  failure  detector 
system,  temperature  measuring  system,  and  burst  absorption  capability.  To  check  out  the  latter,  a 
bladcless  rotor  was  accelerated  to  64,840  rpm  and  the  temperature  gradient  increased  until  failure 
occurred.  The  attachment  bolt  fractured  as  designed,  the  ceramic  fiber  insulation  and  stainle.ss  steel 
backing  absorbed  the  failure,  and  the  rotor  shaft  was  only  slightly  scored  at  the  bearing  journal.  This 
damage  was  quickly  repaired  to  demonstrate  a relatively  fast  turn-around  time  (11). 

• Finite  element  models  of  a duo-density  Si3N4  rotor  tested  in  the  hot  spin  rig  were  made  and  will  be 
used  to  calculate  temperatures  and  .stresses  in  the  rotor  for  a given  operating  s|)eed  and  rim  lem|wra- 
turc  (11). 
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• A numlH^r  of  lubricants  have  liccn  investigated  for  the  rotor  ceramic-to-metal  curvic  coupling 
including  Nickel  Rase,  Molykote.  Electrofilm.  Borkote,  and  Molydisulfide.  A problem  of  limited  life 
at  the  141M)°F  o()erating  temperature  resulted  in  the  development  of  a 1/4  mil  thick  gold  coaling  on 
the  contacting  surfaces  of  the  curvic  teeth.  Such  a coupling  has  been  tested  through  four  complete 
thermal  cycles  with  no  significant  deterioration,  and  will  be  used  in  the  next  engine  test  of  a ceramic 
rotor  (11|. 

• Controlling  the  boron  nitride  thickness  during  blade  fill  processing  coupled  with  a modification  of 
the  hot  press  graphite  tooling  greatly  improved  the  hot  press  bonding  process  increasing  the  yield  of 
flaw  free  hot  press  bondings  to  70‘'/r . This  represents  the  most  significant  improvement  in  the  yield  of 
hot  press  bondings  to  date  *. 

• Surface  and  internal  flaws  were  found  in  most  injection  molded  reaction  sintered  silicon  nitride 
blade  rings  by  visual  and  destructive  evaluation  *. 

• Ten  of  eleven  duo-density  silicon  nitride  turbine  rotors  were  cold  spun  to  over  50,000  rpm  without 
failing  blades  — one  rotor  successfully  qualified  to  over  70,000  rpm  after  failing  one  blade  at  65,640 
rpm  *. 

• Seven  ceramic  rotors  were  tested  in  the  hot  spin  rigs  accumulating  over  26  hours  of  hot  testing.  Rotor 
1256  operated  at  1800“F  rim  temperature  at  50.000  rpm  for  18  hours  and  42  minutes  before  failure  *. 

• Duo-density'  rotor  1195  was  engine  tested  for  10  hours  at  2200°F  Turbine  Inlet  Temperature  and 
45,000  rpm  without  failure;  rotor  additionally  tested,  successfully,  for  25  hours  at  2250°F,  50,000  rpm 
plus  IK  hours  at  2500° F.  50.000  rpm,  failure  occurred  during  shutdown  *. 


CERAMIC  STATORS.  ROTOR  SHROUDS,  NOSE  CONES.  AND  COMBUSTORS 

While  development  of  the  ceramic  turbine  rotor  is  the  most  difficult  task,  development  of  the 
stationary  ceramic  flow  path  components  is  also  vitally  necessary  to  meet  the  objective  of  running  an 
uncooled  2500°F  vehicular  turbine  engine.  In  addition,  success  in  designing,  fabricating,  and  testing 
these  ceramic  components  will  have  an  important  impact  on  the  many  current  applications  of  the  small 
gas  turbine  where  the  use  of  stationary  ceramics  alone  can  be  extremely  beneficial.  The  progress  and 
status  of  these  developments  is  summarized,  taking  each  component  in  turn. 

Progress  and  Status 

Ceramic  Stator 

• Early  Design  A first  stage  stators  incorporating  the  turbine  tip  shrouds  had  been  designed,  made  by 
assembling  individual  injection  molded  reaction  bonded  Si3N4  vanes,  and  tested,  revealing  short 
time  thermal  stress  vane  failures  at  the  vane  root  (1). 

• Investigation  of  a number  of  modified  designs  led  to  Design  B,  with  the  rotor  shroud  separated  from 
the  stator.  Short  time  thermal  stress  vane  failures  at  the  vane  root  were  eliminated  (1). 

• In  the  fabrication  of  stators,  the  starting  silicon  powder,  the  molding  mixture,  and  the  nitriding  cycle 
were  optimized  for  2.2  gm/cc  density  reaction  bonded  Si3N4  (2,3). 

• Engine  and  thermal  shock  testing  of  first  stage  Design  B stators  revealed  a longer  term  vane  cracking 
problem  at  the  vane  mid-span.  This  led  to  modification  of  the  vane  chord,  designated  the  Design  C 
configuration,  which  solved  the  vane  mid-span  cracking  problem  (3). 

• A remaining  problem  in  first  and  second  stage  Design  B stators  was  cracking  of  outer  shrouds, 
believed  due  to  the  notch  effect  between  adjacent  vanes.  To  solve  this,  a one-piece  first  stage  stator 
(Design  C)  was  designed  and  tooling  was  procured  (4,5). 
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• The  Dcsit;n  B stJcond  staj^e  stator  could  not  he  made  in  one  piece  due  to  vane  overlap,  so  an 
“inverted  channel"  design  was  investigated  to  eliminate  notches  at  the  outer  diameter.  However, 
engine  testing  showed  that  axial  cracking  of  the  outer  shroud  remained  a problem  (3.4.5.6|. 

• A 50  hour  duty-cycle  engine  test  of  the  hot  flow  path  components  to  1930“F  was  completed.  The 
assembled  first  stage  Design  C stator  was  in  excellent  condition;  8 out  of  33  vanes  in  the  second  stage 
inverted  channel  stator  had  developed  fine  cracks  (6). 

• A 100  hour  duty-cycle  engine  test  of  the  hot  flow  path  components  (without  a second  .stage  stator)  to 
1930°F  was  completed.  The  reaction  bonded  silicon  nitride  (2.55  g/cc  density’)  one  piece  first  stage 
Design  C stator  successfully  survived  this  test  (7). 

• Improvements  in  materials  and  processing  resulted  in  the  fabrication  of  flaw  free  one  piece  stators 
of  2.55  gm/cc  density  (8). 

• A test  was  devised  for  mechanically  loading  stator  vanes  to  failure  which  provided  useful  informa- 
tion for  material  and  priwess  development  (8). 

• Thermal  shiwk  testing  of  2.7  gm/cc  density  stator  vanes  revealed  no  detectable  cracking  and  negligi- 
ble strength  degradation  after  9000  cvcles  of  heating  to  2700°F  and  cooling  in  the  thermal  shm^k  rig 
(8). 

• Processing  of  2.55  gm/cc  density  injection  molded  stators  continued.  Consistently  high  weight  gains 
(6t-62‘!'r)  have  been  obtained  using  the  Brew  all-metal  furnace  employing  a slow,  gradual  rato-of- 
rist^  cycle.  •1'”.  H2-9fi':'f  N2  gas  under  .static  pressure,  and  Si3N4  setters  and  muffles  (9). 

• An  injection  molded  stator  of  2.55  gm/cc  density  8i3N4  survived  static  te.sting  (no  rotors)  for  175 
hours  at  1930“F  steady  state.  Weight  gain  of  the  stator  was  less  than  1%.  and  this  stabilized  after  10 
hours  of  testing.  The  stator  is  in  excellent  condition  (9). 

• Testing  of  stators  up  to  2500°F  in  the  Flow  Path  Qualification  Test  Rig  was  initiated  with  over  eight 
hours  of  testing  accumulated  at  2500°  F (9). 

• A reaction  bonded  silicon  carbide  stator  successfully  accumulated  147  hours  of  testing  at  1930°F  and 
remains  crack  free  (10). 

• Over  nine  hours  of  testing  of  a silicon  nitride  stator  were  accumulated  without  incident  in  the 
mtxlifitHi  engine  configuration  to  a maximum  turbine  inlet  temperature  of  2fi50°F  (10). 

• As  a result  of  funding  reductions  in  the  overall  program,  a short-term  attempt  to  fabricate  stationary’ 
ceramic  comixments  was  made  and  the  best  available  parts  were  selected  for  testing.  Attempts  to 
injection  mold  one-piece  stators  in  the  2.7  g/cc  density  8i3N4  material  system  were  made  and  a 
variety  of  molding  parameters  were  examined.  A number  of  stators  wore  processed  with  good  vane 
quality  but  questionable  outer  shroud  quality  (11). 

• Throe  2.7  g/cc  density  Si3N4  .stators  pa.ssed  mechanical  loading  tests  in  the  stator  vane  and  outer 
shroud  loading  fixtures  though  one  was  categorized  poor  duo  to  visual  fillet  cracks.  This  latter  one 
failed  the  10-light  qualification  test.  The  other  two  stators  pa.s.sod  the  10-light  qualification  test  (11). 

• A review  was  made  of  earlier  durability  testing  of  2.55  g/cc  density  Si3N4  .stators  at  1930°F.  The 
weight  gain  was  a mea.suro  of  incipient  failure.  For  example,  the  failures  of  six  2.55  g/cc  density 
Si3N4  stators  were  as.sociatod  with  weight  gains  in  exce.ss  of  1 .9'’V . This  wide  variation  of  weight  gain 
is  thought  to  l)c  due  to  the  variation  in  open  porosity  caused  during  the  nitritling  cycle.  It  is  expected 
that  this  problem  will  be  considerably  le.s.sened  for  higher  den.sity  2.7  g/cc  density  8i3N4  having 
gootl  quality  microstructure  (11). 

• Over  1000  hours  of  hot  testing  was  accumulated  on  ceramic  stators  during  this  reporting  |H>riod*. 
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• Ceramic  stators  of  two  different  materials,  injection  molded  reaction  bonded  silicon  nitride  and 
reaction  bonded  silicon  carbide,  have  now  successfully  completed  the  program  durability  goal  of  200 
hours  *. 


Ceramic  Rotor  Shrouds 

• Separate  first  and  second  stage  ceramic  rotor  shrouds,  which  are  essentially  split  rings,  evolved  in 
the  stator  change  from  Design  A to  Design  B (1). 

• As  a result  of  rig  and  engine  testing,  rotor  shrouds  made  of  cold  pressed,  reaction  sintered  Si3N4 
were  modified  to  have  flat  rather  than  conical  side  faces  (2). 

• Because  of  occasional  cracking,  cold  pressing  was  replaced  with  slip  casting  for  making  higher 
density  rotor  shrouds,  resulting  in  a 2-3  fold  increase  in  strength  (3). 

• Slip  casting  of  rotor  shrouds  solved  the  cracking  problem  but  revealed  a dimensional  change  prob- 
lem as  a function  of  operating  time.  This  was  solved  by  incorporation  of  nitriding  aids,  heat  treat- 
ment cycles,  and  other  changes  in  the  fabrication  process  which  reduced  instability  to  acceptable 
levels  |4,5,61. 

• A 50  hour  dut>-  cycle  engine  test  of  the  hot  flow  path  components  to  1930° F was  completed,  after 
which  both  first  and  second  stage  rotor  shrouds  were  in  excellent  condition  (6). 

• A 100  hour  duty  cycle  engine  test  of  the  hot  flow  path  components  to  ISOO^F  was  completed,  after 
which  both  first  and  second  stage  rotor  shrouds  were  in  excellent  condition  (7). 

• Further  testing  of  rotor  shrouds  to  245  hours  and  over  100  lights  showed  them  to  remain  crack  free 
and  in  excellent  condition  (7). 

• Over  nine  hours  of  testing  slip  cast  Si3N4  rotor  tip  shrouds  were  accumulated  without  incident  in  the 
modified  engine  configuration  used  for  testing  a ceramic  turbine  rotor  up  to  a maximum  turbine  inlet 
temperature  of  2650"F  (11). 

• Both  ceramic  first  and  second  stage  rotor  tip  shrouds  successfully  completed  the  program  durability 
goal  of  200  hours  *. 


Ceramic  Combustors 

• Slip  cast  silicon  nitride  and  various  grades  of  recrystalized  silicon  carbide  (crystar)  were  eliminated 
as  ceramic  combustor  materialsl*!), 

• A thick-walled,  reaction  bonded  silicon  carbide  (REFEL)  combustor  successfully  completed  the  200 
hour  duty  cycle  test.  A total  of  26  hours  and  40  minutes  was  accumulated  at  a turbine  inlet  tempera- 
ture of  2500°F  (10).  This  combustor  was  also  successfidly  tested  in  an  engine  (8). 

• Three  thin-walled,  reaction  bonded  silicon  carbiilo  (REFEL)  combustors  were  .successfully  (lualified 
over  a 10  hour  portion  of  the  ARPA  duty  cycle  (10). 


Ceramic  Nose  Cones 

• Early  Design  A no.se  cones  had  been  designed,  made  from  injection  molded  reaction  .sintered  Si3N4, 
and  tested  (1). 

• The  nose  cone  was  modified  to  De.sign  B to  accommodate  the  Design  B fir.st  .stage  stator.  Several 
Design  B nose  cones  were  made  and  te.sted  in  rigs  and  engines  (2). 
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• Voids  in  moltiinx  nost*  conos  wore  ininimizod  l)v  proforonliallv  ho.itinjj  iho  toolin>{  during  molding 
|5|. 


• l^ircumferontial  cracking;  and  axial  crai:kin>i  probloms  UhI  to  pro-slottod.  s(;allo|H>d  nose  conos  dosiy- 
nalod  Dosiftn  C (3,-l,5,ti|. 

• A 50  hour  duty  cycle  on^ino  tost  of  tho  hot  flow  path  com|H)nonts  to  1030°F  was  compKitod.  after 
which  tho  Design  ('  nos«>  cone  was  in  excellent  condition  |7). 

• A ItH)  hour  duty  cycle  t?ngine  test  of  the  hot  flow  path  components  to  1930°F  was  completed,  after 
which  the  Design  ('  nose  cone  was  in  excellent  condition  (7|, 

• Further  testing  of  the  2.2  g/cc  density  nose  cone  to  221  hours  showed  it  to  remain  crack  free  and  in 
excellent  condition  |7|. 

• Improvements  in  materials  and  processing  re.sulted  in  tho  fabrication  of  flaw  free  nose  cones  of  2.55 
gm/cc  density  |8). 

• Pr<x:essing  of  2.55  gm/cc  density  injection  molded  nose  cones  continued.  (Consistently  high  weight 
gains  |6l-62‘'< ) have  been  obtained  using  the  Brew  all-metal  furnace  employing  a slow,  gratlual  rate- 
of-rise  cycle.  4'7<  Fl2-9(5'  '(  N2  gas  under  static  pre.ssure.  and  Si3N4  .setters  and  muffles  (9). 

• Testing  of  nose  cones  up  to  2500°F  in  the  Flow  Path  Qualification  Test  Rig  was  initiated  with  over 
eight  hours  of  testing  accumulated  at  2500°F  (9|. 

• Over  nine  hours  of  testing  a silicon  nitride  nose  cone  were  accumulated  without  incident  in  the 
mwlified  engine  configuration  to  a maximum  turbine  inlet  temperature  of  2650°F  (10). 

• As  a result  of  funding  reductions  in  the  overall  program,  a .short-term  attempt  to  fabricate  .stationary 
ceramic  components  was  made  and  the  best  available  parts  were  selected  for  testing.  A number  of 
Design  D nose  cones  were  injection  molded  in  the  2.7  g/cc  density  Si3N4  material  sy.stem  using  an 
automated  molding  control  system,  primarily  developed  to  make  high  rjualitv'  rotor  blade  rings.  Nose 
cones  were  processed  through  nitriding  and  appeared  visually  good  except  for  fine  cracks  between 
the  strut  and  inner  nose  (It). 

• Three  2.7  g/cc  density  Si3N4  nose  cones  .succe.ssfully  passed  the  10-light  qualification  te.st.  One  of 
these  has  accumulated  10  hours  of  testing  at  1930°F  (11). 

• A slip  cast  silicon  nitride  nose  cone  was  fabricated  and  tested  at  1930°F. 

• An  injection  molded  reaction  bonded  silicon  nitride  nose  cone  .successfully  completed  the  program 
durabilitv’  goal  of  200  hours  *. 
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2.2.2  MATERIALS  TECHNOLOGY 


Materials  technology  forms  the  basis  for  cominment  development  including  component  design. 

comfKtnenf  fabrication,  material  tpiality  in  the  comfwnent  as-made,  and  evaluation  by  testing.  There 

are  three  major  categories  under  materials  technology  — materials  engineering  data,  materials  science. 

and  non-destructive  evaluation.  Progress  and  present  .status  in  each  of  these  areas  is  summarized 

btdow; 

Materials  Engineering  Data 

• Techniques  were  developed  and  applied  for  correlating  the  strength  of  simple  ceramic  spin  disks 
with  Irend  test  specimens  using  Weibull  probability  theories  (5|. 

• Elastic  prof)erty  data  as  a function  of  temperature  was  determined  for  various  grades  of  silicon 
nitride  and  silicon  carbide  |2.3.4.5.6,7.9). 

• The  flt'Miral  .strength  vs.  temperature  of  several  grades  of  SiC  and  Si3N4  was  determined 
13.4.5.6.9.10). 

• The  compressive  .strength  vs.  temperature  of  hot  pressed  SiC  and  hot  pressed  Si3N4  was  deter- 
mined (4|. 

• Creep  in  iHmding  at  several  conditions  of  stress  and  temperature  was  determined  for  various  grades 
of  reaction  sintered  silicon  nitride  14.5.6.9). 

• The  siMJcific  heat  vs.  temperature  of  2.2  gm/cc  density  reaction  sintered  Si3N4  was  measured,  as 
were  thermal  conductivity  and  thermal  diffusivity  vs.  temperature  for  both  2.2  gm/cc  and  2.7  gm/cc 
density  reaction  sintered  Si3N4  (4). 

• Stress-rupture  data  was  obtained  for  reaction  sintered  silicon  nitride  under  several  conditions  of 
load  and  temperature  (6.9.10). 

• A group  of  31  2.7  gm/cc  density  injection  molded  Si3N4  test  bars,  made  usin"  the  best  current 
nitriding  cycle  and  an  atmosphere  of  4%  H2. 96'’, V N2.  resulted  in  a Weibull  characteristic  strength  of 
44.3  ksi  and  an  m value  of  6.8.  Additional  material  development  work  is  aimed  at  obtaining  a higher 
m value  |9). 

• The  effects  of  surface  finish  and  post  machining  heat  treatment  on  the  room  temperature  strength  of 
hot  pressed  silicon  nitride  were  determined  (10). 

• The  variation  in  MOR  strength  of  hot  pressed  silicon  nitride  was  determined  from  rotor-to- rotor, 
within  one  rotor,  and  as  a function  of  initial  material  preparation  (10). 

• Room  and  elevated  temperature  flexure  strengths  of  injection  molded  reaction  sintered  silicon 
nitride  of  2.7  g/cc  density  were  determined  (10). 

• No  time  dependent  failures  were  observed  for  2.7  g/cc  density  injection  molded  reaction  sintered 
silicon  nitride  during  stress-rupture  testing  for  up  to  200  hours  at  stresses  of  20-30  k.si  and  tempera- 
tures of  1900-2200‘’F  (10). 

• A simple,  practical  approach,  based  on  the  Wiederhorn-Evans  (1 1)  theory,  was  derived  to  predict  the 
life  of  a ceramic  under  load.  The  only  material  measurements  required  are  two  sets  of  strength 
values  at  two  stress  rates.  For  a given  material,  this  would  comprise  a statistical  number  of  bend  tests 
(preferably  > 30)  at  each  of  two  stress  rates  for  each  temperature.  Stress-reliability-lifetime  design 
diagrams  can  then  be  readily  constructed.  Comparison  of  predicted  lifetimes  using  this  method 
agrees  reasonably  well  with  limited  published  experimental  stress  rupture  data  (11). 
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• Weibull  MOR  strength  parameters  were  measured  for  “Refel"  reaction  bonded  SiC  at  room  temper- 
ature and  five  elevated  temperatures.  In  addition,  room  temperature  Weibull  strength  parameters  in 
tension  were  measured  but.  using  probablistic  methods,  did  not  correlate  with  the  MOR  strength 
data  within  a 90%  confidence  band.  Suspected  parasitic  stresses  in  the  tensile  test  and/or  differ- 
ences in  specimen  surface  quality  are  being  investigated  (11). 


Materials  Science 

• A technique  was  developed  and  applied  to  perform  quantitative  x-ray  diffraction  analysis  of  the 
phases  in  silicon  nitride  (2). 

• An  etching  technique  was  developed  and  used  for  the  study  of  the  microstructure  of  several  types  of 
reaction  sintered  silicon  nitride  (2). 

• The  relationship  of  some  processing  parameters  upon  the  properties  of  reaction  sintered  Si3N4  were 
evaluated  (3,4.5,6.10|. 

’ • The  oxidation  behavior  of  2.2  gm/cc  density  Si3N4  was  determined  at  several  different  tempera- 

I tures.  The  effect  of  oxidation  was  found  to  be  reduced  when  the  density  of  reaction  sintered  Si3N4 

> increased  (3.7). 

I 

1 

I • The  relationship  of  impurities  to  strength  and  creep  of  reaction  sintered  silicon  nitride  was  studied, 

I and  material  was  developed  having  considerably  improved  creep  resistance  (4,5,6,9). 

i 

j • Fractography  and  slow  crack  growth  studies  were  performed  on  reaction  sintered  SiC  (5)  and  hot 

I pressed  Si3N4  (6,7). 

I • The  development  of  sintered  SiaJon-type  materials  was  initiated  (7).  The  effects  of  yttria  additives 

j were  being  studied,  especially  in  relation  to  the  formation  of  glassy  phases  (8,10). 

• A higher  density  (2.7  gm/cc)  molded  Si3N4  has  been  developed  which  will  be  used  for  component 
fabrication.  Four  point  bend  strengths  of  43  ksi  at  room  temperature  were  measured  (8). 

• An  experimental  study  showed  that  high  pressures  did  not  facilitate  nitriding  of  relatively  dense 

, silicon  compacts.  A parallel  theoretical  study  showed  that  to  store  sufficient  nitrogen  within  the 

^ pores  and  avoid  diffusion,  an  impractically  high  pressure  would  be  needed  (8). 

i,  • Three  techniques  to  improve  the  oxidation  resistance  of  2.7  gm/cc  density  injection  molded  Si3N4 

I were  evaluated  (9). 

: • Nitriding  exotherms,  resulting  in  localized  silicon  temperatures  in  excess  of  1420'’C,  produced 

silicon  “melt  out”  with  resulting  large  porosity  and  lower  strength.  Eliminating  these  exotherms  by 
controlling  furnace  temperature  appears  to  be  the  key  to  uniform  microstructure,  fine  porosity  and 
higher  strengths  (10). 

• Work  on  yttria-containing  Sialons  showed  that  melting  occurred  at  about  1200‘’C  whether  or  not  the 
glassy  phase  was  crystallized.  A number  of  further  experiments  were  conducted  to  prepare  single 
phase  sialons  from  either  the  Si3N4/Al203/AIN  or  Si3N4/Al203/AIN/Si02  material  systems.  Fur- 
ther work  on  Sialons  was  terminated  as  a result  of  reductions  in  the  overall  program  (11). 

• Use  of  a programmed  temperature/time  nitriding  cycle  resulted  in  variations  of  the  microstructure 
of  reaction  sintered  Si3N4,  depending  on  furnace  load.  To  correct  this,  a control  system  was  de- 
signed and  built  to  control  the  furnace  temperature/time  cycle  automatically  to  maintain  a reasona- 
bly steady  consumption  of  nitrogen  (i.e.  nitriding  rate).  Use  of  this  automatic  control  was  shown  to 
produce  2.7  g/cc  density  Si3N4  with  consistent,  high  quality  microstructure  over  a wide  range  of 

. furnace  load  (11). 
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• A fabriiuilion  lechniquo  for  turbine  components  of  reaction  bomieil  SiC’  has  been  uniier  develop- 
ment by  molding  a thermoset  iK)lymer  filled  with  SiC'  particles,  pyrolyzing  the  polymer  to  carbon, 
th»-n  reaction  bondings  the  structure  by  the  infiltration  of  molten  silicon  (11). 

Non-Uestructive  Evaluation 

a llltrasonic  Cl-stran  tiH:hniiiu»!s  were  developed  and  applied  to  the  measurement  of  internal  flaws  in 
turbine  ceramics  (1,2. 3.4). 

• Sonic  veliH:ity  measurements  were  utilized  as  a means  of  (piality  iletermination  of  hot  pressed  SisNq 
(2.3,5.9). 

• A computer-aidetl-ultrasonic  system  was  used  to  enhance  the  sensitivity  of  defect  analysis  in  hot 
pre.s.sed  SiaNj  (3. 4,6), 

a .Acoustic  emission  was  applied  for  the  detection  of  crack  propajjation  and  the  onset  of  catastrophic 
failure  in  ceramic  materials  (1,2,5,61. 

a .A  methiul  was  developeil  and  ai'plieil  for  the  detection  of  small  surface  cracks  in  hot  pres.sed  SisNq 
combining  la.ser  .scanning;  with  acoustic  emission  (4). 

a .\-ray  radio>!ra|>hy  was  applied  for  the  detection  of  internal  defects  in  turbine  ceramic  components 
12.3.4,5).  Midilen  flaws  in  a.s-molded  .stators  and  rotor  blade  rinjjs  were  located  by  x-ray  radiography 
(5.6.7).  Such  NDE  of  a.s-moldeii  parts  has  been  u.sed  to  develop  proces,se,s  to  make  flaw-free  compo- 
nents (6). 

a ,A  live  penetr.mt  has  Iw'en  u.sed  to  detect  surface  cracks  in  comjionents  made  of  the  2.55  gm/ cc  density 
Si3N4  (8). 

a A state-of-the-art  .summary  of  NflE  methods  as  applied  to  the  ceramic  turbine  programs  was  compiled 
(6). 

a 5(8)  injection  molded  blade  rings  were  examined,  most  of  them  in  detail  using  30.\’  magnification  and 
X-ray  riuliography  NIIE  techniques  (10). 

a A blade  bend  test  was  applied  to  a number  of  rotor  blade  rings  to  assess  their  quality  in  terms  of 
characteristic  failure  load  and  Weibull  modulus.  .A  di.stinct  difference  was  demonstrated  between 
blade  rings  nitrided  in  i and  tho.se  nitrided  in  a 06‘  'c  N2/4''(  mixture,  with  the  latter  being 
approximately  30-40'  , .stronger  (11). 

a Two  te.st  fixtures  were  designed,  built  ami  applied  for  the  mechanical  loading  of  stators  either  to 
failure  or  to  a pre-determined  proof  load.  One  fixture  simultaneously  loads  each  .stator  vane,  and  the 
other  pres.sure  loads  the  .s\.*or  outer  .shroud.  Te.sting  to  a proof  load,  while  not  a direct  method  of 
detecting  flaws,  can  be  cons  dered  a form  of  NDE.  From  testing  .several  .stators  in  the.se  fixiunxs,  a 
marked  improvement  in  failure  load  was  shown  for  2.7  g/cc  ilensity  Si3N4  stators  as  compared  to 
.stators  made  from  earlier  2.55  g/cc  density  material.  In  adilition.  low-load  \ane  failures  coulil  be 
directly  related  to  fillet  cracks  (11). 

• .A  numlwr  of  NDE  techniques  were  reviewed  for  possible  application  to  ceramic  turbine  components 
including  Microfmnis  x-ray.  infrared  thermography,  x-ray  tomography,  an  electrostatic  method,  and 
holosonics  (It). 
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2.3 


FUTURE  PLANS 


Future  plans  for  the  next  reporting  period  for  the  ARPA-supported  portion  of  the  program  will  be  | 

confined  to  testing  of  duo-density  Si3N4  turbine  rotors.  Since  25  such  rotors  are  now  available  for  finish  | 

machining  for  hot  spin  and  engine  testing  (See  Section  3.1.2),  continued  fabrication  of  state-of-the-art  i 

rotors  for  testing  has  been  stopped.  Further  fabrication  process  development  is  planned  under  the  ‘ 

ERDA-sponsored  portion  of  the  program  (See  Volume  2 Future  Plans).  It  is  hoped  that,  if  methods  to  • 

improve  the  process  are  developed  and  if  test  results  of  state-of-the-art  rotors  are  promising,  a decision 
will  be  made  to  fabricate  and  test  such  improved  duo-density  Si3N4  rotors. 

The  plans  under  the  remaining  FY-77  funds  of  the  ARPA  program  are  twofold.  First,  modify  the  rotor 

attachment  method  to  prevent  shutdown  failures  caused  by  excessive  temperatures  and  to  verify  this  by  j 

an  engine  test;  and  second,  to  test  six  duo-densty  Si3N4  turbine  rotors  at  a fixed  speed  and  temperature  in 

the  hot  spin  test  rig  with  an  objective  durability  on  each  of  25  hours.  (25  hours  of  the  200-hour  ARPA  duty  ^ 

cycle  is  at  maximum  speed  and  temperature.)  Latest  estimates  of  rotor  reliability  based  on  material  time-  | 

dependent  characteristics  will  be  used  as  a basis  for  selecting  the  speed  and  temperature  conditions  for  I 

the  25-hour  hot  spin  test.  | 

Once  the  above  is  completed,  currently  planned  FY-78  funds  will  be  used  to  attempt  a 200-hour  ] 

composite  ARPA  cycle  test  of  a duo-density  Si3N4  rotor  in  the  hot  spin  rig.  The  maximum  conditions  ’] 

selected  will  be  based  on  latest  analyses  and  reliability  test  results.  I 
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CERAMIC  COMPONENT  EVALUATION 


3.1  DUO-DENSITY  SILICON  NITRIDE  CERAMIC  ROTORS 

Summiiry 

A number  of  rotor  blade  rings  and  duo-density  rotors  were  fabricated  during  this  reporting  period, 
incorporating,  wherever  possible,  process  improvements  developed  under  the  ERDA  supported  Ce- 
ramic Turbine  Technology  Program. 

Over  600  rotor  blade  rings  were  injection  molded  utilizing  the  automatic  solid  state  control  system. 
Yield  of  blade  rings  having  no  visible  defects  in  the  as  molded  state  was  over  70%.  Controlling  the 
boron  nitride  thickness  during  blade  fill  processing  coupled  with  a modification  of  the  hot  press 
graphite  tooling  greatly  improved  the  hot  press  bonding  process.  The  yield  of  flaw  free  hot  press 
bondings  with  these  changes  was  70%.  This  represents  the  most  significant  improvement  in  the  yield 
of  hot  press  bondings  to  date. 

Finish  machining  of  rotors  continued  as  did  non-destructive  evaluation.  Sub-surface  flaws  in  blade 
rings,  not  detected  in  the  as  molded  state,  were  found  in  most  components  after  nitriding,  machining 
and  in  some  cases  destructive  inspection.  Surface  flaws  that  were  not  observed  in  the  as  molded  state 
were  also  delected  after  nitriding.  Blade  bend  testing  was  used  to  monitor  the  quality  of  blade  ring 
nitridings  to  insure  that  only  the  higher  quality  nitrided  blade  rings  were  used  to  fabricate  rotors  for 
testing. 

Eleven  duo-density  ceramic  turbine  rotors  were  cold  spin  tested  to  qualify  them  for  further  hot 
running.  Ten  of  the  eleven  reached  over  50,000  rpm  without  failing  blades,  with  one  rotor  successfully 
qualified  to  over  70,000  rpm  after  failing  one  blade  at  65,640  rpm. 

Development  of  the  hot  spin  rigs  continued.  A combustor  flame  out  problem  was  solvec  i,hoking 
both  the  combustor  air  and  fuel  supply.  The  durability  problem  of  the  rotor  tip  shroud/failure  detector 
was  resolved  by  the  use  of  solid  fused  silica  tip  shroud.  The  rotor  bolt  material  was  changed  from  H-11 
tool  steel  to  Inconel  718  for  higher  temperature/time  capability.  In  further  development  of  the  hot  spin 
rig,  a number  of  ceramic  and  metal  rotors  were  tested  accumulating  26  hours  and  68  hours  of  hot 
testing  respectively. 

An  important  engine  test  of  a duo-density  silicon  nitride  rotor  was  accomplished.  Rotor  1195,  with 
the  associated  stationary  ceramic  components  (nose  cone,  stator  and  tip  shrouds),  was  successfully 
operated  at  an  average  Turbine  Inlet  Temperature  (T.I.T.)  of  2200’‘F  and  45,000  rpm  for  10  hours 
without  incident.  This  same  rotor,  with  27  full  length  aerodynamically  functional  blades,  and  station- 
ary flow  path  was  subsequently  run  for  25  hours  at  2250°F  average  TIT  plus  1-1/2  hours  at  over  2500°F 
average  TIT  all  at  30,000  rpm.  Despite  a cautious  shutdown,  a catastrophic  failure  occurred  during  the 
shut  down  of  the  engine  due  to  an  overtemperatured  metal  component  used  to  mount  the  ceramic 
rotor.  The  total  hot  time  on  the  rotor  was  over  37  hours,  all  but  a few  minutes  at  a TIT  of  2200°  F or 
higher,  at  speeds  of  45,000  to  50,000  rpm,  including  1-1/2  hours  at  50,000  rpm  and  over  2500° F TIT.  This 
unprecedented  test  is  the  first  time  a ceramic  rotor  has  been  operated  at  these  speed/temperature/time 
conditions. 
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3.1.1 


DUO-DENSITY  SIUCON  NITRIDE  ROTOR  FABRICATION 


I 

i 

I 

1 


Introduction 

The  duo-density  ceramic  turbine  rotor  fabrication  process  is  a multi-step  forming  procedure  begin- 
ning with  an  injection  molded  silicon  metal  blade  ring  and  ending  with  diamond  grinding  the  hot 
pressed  silicon  nitride  rotor  hub  to  finished  dimensions.  Subsequent  to  the  injection  molding  step,  the 
blade  rings  are  burned  out.  to  remove  the  organic  binders,  and  nitrided  to  convert  the  silicon  to  silicon 
nitride.  The  blade  ring  is  then  encased  in  a slip  cast  blade  fill  and  nitrided.  The  silicon  nitride  blade  fill 
supports  the  blades  and  rim  during  the  subsequent  hot  pressing  step.  The  hot  pressing  operation  forms 
the  hot  pressed  hub,  from  silicon  nitride  (M)wdnr,  and  .simultaneously  bonds  the  hub  to  the  reaction 
bonded  silicon  nitride  blade  ring.  The  final  step  is  diamond  grinding  the  finished  contour  of  the  rotor 
hub.  Coupled  with  these  operations  is  continued  u.sage  of  non-destructive  evaluation  techniques  to 
monitor  part  quality  ai  each  process  stage. 


During  this  reporting  |)criod  fabrication  of  duo-density,  turbine  rotors  continued  in  order  to  supply 
rotors  for  testing.  Improved  processing  techniques,  developed  in  the  Ceramic  Turbine  Rotor  Technolo- 
gy Program,  supported  by  ERDA,  were  incoriwrated  into  the  fabrication  program  wherever  possible. 

Injection  Molded  Blade  Ring  Fabrication 

The  last  interim  reportlU)  described  the  implementation  of  the  automatic  process  control  unit. 
During  this  current  reporting  period  approximately  600  blade  rings  were  molded  utilizing  this  control 
unit  to  refine  the  molding  parameters  which  re.sultcd  in  an  increase  in  the  yield  of  lusable  green  parts. 
Five  hundred  of  the  600  blade  rings  were  molded  with  an  automated  mold  relea.se  system  incorpo- 
rated. 

The  improvements  in  both  the  proce.ssing  of  injection  molded  material  and  injection  molding  are 
covered  in  Volume  2 of  this  report  which  was  .supported  by  ERDA  — Division  of  Transjmrtation.  The 
increase  in  yield  of  good  as  molded  parts  as  a function  of  control  development  is  shown  in  Figure  3.1. 
The  bottom  curve  represents  blade  rings  having  no  visible  defects,  in  the  as  molded  state,  under  70X 
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micTtiscojiic  ins|HH;(ion.  The  fop  curve  represents  iisolile  lest  blade  rinjjs  and  includes  those  molded 
with  no  cracks  or  other  functional  defects  and  less  than  two  minor  surface  imperfections.  The  number 
of  parts  refers  to  the  total  number  of  blade  rinjts  molded  during  a particular  stage  of  control  develop- 
ment. It  should  be  noted  that  flaws  were  detectetl  in  some  of  these  components  after  subsecjuimt 
priH;essing  steps  |see  Volume  2 of  this  report).  Improved  NDK  techniques  being  investigated  may 
reveal  more  flaws  in  as  molded  components  decrtnising  the  yield  of  gocul  parts. 

Blade  Fill  Processing 

After  the  blade  ring  had  been  fabricated  and  nilrided,  the  next  step  in  the  pnM:ess  was  to  slip-cast 
the  blade  fills  which  completely  encapsulated  the  airfoils  anil  the  blade  ring  rim.  The  mechanical 
asiHHits  of  this  process  were  described  in  a previous  reporllb^l.  The  purjxKse  of  the  blade  fill  is  to 
provide  support  for  the  blades  and  the  rim  during  the  hot  press  bonding  o|)«?ralion  when  the  dense 
silicon  nitride  rotor  hub  is  formed  and  bonded  to  the  blade  ring. 

One  modification  which  resulted  in  increasing  the  yield  of  hot  press  bonded  rotors  was  developed 
under  the  ceramic  processing  technology  effort  funded  by  KRDA  — Division  of  Transportation  — in 
the  (’eramic  Turbine  Rotor  Technology  Program.  This  change  in  the  blade  fill  process,  consisted  of 
accurately  controlling  the  boron  nitride  thickness  which  was  usetl  as  a lidiricant  for  subsequent  blade 
fill  removal  and  also  served  as  a barrier  material  which  prevented  blade  ring  to  blade  fill  bonding 
during  the  nitriding  step  (see  Volume  2 of  this  report). 

The  other  changes  to  the  blade  fill  process  were  limited  to  the  types  of  slips  employed.  Refinements 
were  made  in  slip  formulation  and  preparation  .so  that  a higher  degree  of  reproducibility  was  obtained 
from  lot  to  lot.  Silicon  metal  comminution  was  standardized  at  wet  milling  for  .seven  hours  with  tertiary 
butyl  alcohol  in  one  gallon  polyethylene  jars  with  high  purity,  high  den.sity  aluminum  oxide  grinding 
media  at  a speed  of  90  rpm.  Slips  were  formulated  using  alkaline  deflocculants  and  maintained  at  a pi  I 
of  approximately  7,3.  Silicon  nitride  grog  (5  w/o)  was  added  to  yield  a final  nitrided  density  of  2.55  to 
2.65g/cc  after  nitriding. 

Hot  Press  Bonding 

The  fabrication  of  duo-density  turbine  rotors  continued  to  utilize  the  simplified  two  piece  concept 
intrixluced  in  the  last  interim  reportl'l).  This  concept,  shown  in  Figure  3.2.  eliminated  the  com|)lex 
.shape  of  the  hub.  thereby  making  possible  densification  of  the  silicon  nitride  powder  at  pre.s.sures  far 
below  those  previously  required  to  produce  a dense  fidly  contoured  hub.  During  the  last  reporting 
fxjriixf  ten  trial  runs  were  made  to  this  configuration  which  all  residted  in  blade  and/or  rim  cracking  to 
.some  degree. 

During  this  reporting  period  a standard  set  of  hot  pre.ssing  parameters  was  established.  Over  fifty  hot 
pre.ss  lx)nding.s  were  made  at  1000  (xsi  pre.ssing  pressure.  1000  lbs  wedge  load,  1715“(^  for  three  hours 
using  wet  WC  milled  silicon  nitride  powder  with  3-1/2  w/o  magnesium  oxide  densification  additive. 

One  mtxlification  which  resulted  in  a significant  improvement  in  the  prix:ess  was  developed  under 
the  ceramic  prix'.essing  technology'  effort  funded  by  ERDA  — Divi.sion  of  Transportation  — in  the 
Ceramic  Turbine  Rotor  Technology  Program.  This  was  a graphite  tooling  change  to  achieve  more 
consistent  functioning  of  the  graphite  wedge  system  (see  Volume  2 of  this  refwrt). 

Thirty-two  out  of  46  rotors  hot  pressed  with  controlled  boron  nitride  thickness  and  the  graiihite 
tooling  modification  had  no  detectable  flaws  or  damage  due  to  hot  pre.ssing.  This  represents  a 70% 
yield  of  flaw  free  hot  pre.ssings. 

Eight  rotors,  prosscii  to  the  standard  conditions,  were  .sidectixl  for  materials  characterization.  The 
hub  areas  of  these  rotors  were  subsequently  cut  up  for  test  Iwirs  of  the  hot  pre.ssed  .silicon  nitride. 
Twenty-five  rotors  were  designated  for  engine  and  hot  spin  rig  te.sting.  Thirteen  rotors  were  .set  aside 
for  blade  bend  and  cold  spin  testing. 


Finish  Machining 

The  first  step  in  the  process  was  to  protect  the  rotor  blades  from  machining  and  handling  damage 
with  a wax  potting  agent  as  shown  in  Figure  3.3.  A Silastic  mold  was  used  to  cover  the  blade  tips  i 

prior  to  the  wax  encapsulation  to  prevent  the  build  up  of  wax  on  the  grinding  wheel  as  the  blade  tips 
were  machined.  The  leading  edges  of  at  least  three  of  the  blades  were  left  exposed  to  establish  the 
proper  axial  location  of  the  datum  surface.  ! 

The  first  grinding  operation  was  to  face  off  the  rotor  hub  square  in  relation  to  the  rotor  blade  gage 
surface.  Having  established  this  new  gage  surface,  the  rotor  bore  was  rough  core  drilled  from  each  side 
using  a 7/16  inch  diameter  diamond  plated  core  drill.  An  internal  diamond  grinding  operation  was 
then  employed  to  finish  the  centerbore  to  the  required  one  half  inch  diameter.  All  surfaces  stibse- 
quontly  ground  were  finished  concentric  to  or  {mrpcndicular  to  the  centerbore. 
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Wax  r<)lt«ul  Riitor  Prior  to  Finish  Machiiiiiif- 


Fisiire  3.3 


Diamoiul  Plalod  Rotor  Contour  CrindinK  Wheel 


Fimire  3.4 


'I'll**  coiinlt'ihori'.s.  on  llio  torw.ini  ninl  .ill  siirl.in-.s  ol  ilio  rolor  liiio  .iil|.ii  cnl  to  llio  rotor  lioro,  worr 
>!roiin(l  iisin>’ (liiinioiul  |i|.ilo(l  I'orin  wliools  on  .in  I D i;rinili'r  Tin- lin.il  ^rinilin>;  o|ior.ilions  roiliicod 
iho  hliiilt'  lonvllis  to  till'  |•l'(|ll|■l'll  Oil  .mil  incoriior.itoil  tin-  iri|iiiri-il  i'il>>c  r.ulii  iisin>;  .1  imi\ ors.il 
1.1)  (1.11.  jji  iiuii'i',  l-'iniiro  iVf)  shows  .1  linisli  iii.n  liinoil  roior  Tho  disk  ci'iilorhoro  .ind  lliro.it  .iro.is  woro 
sul)si'i|U»'ntly  h.ind  iiolishod  to  .udiiovo  llio  siu'rdiod  Ki^i  Mirl.ii.o  linisli 

Rotors  uhicli  worn  sdu'didod  lor  i‘n>;ini'  ti’sliiif;  ut-ro  liirllior  m.icliinod  li\  )4rindin)4  i iirvic  ('oii|ilini' 
I'.ico  splint's  on  iho  I'orw.ird  .mil  .ill  moniitini;  suiI.ioon 


Figure  3.5  — Finish  Machined  l)no-l)ensity  Tiirhine  Kotor 
Non-I)eslriiclivc  Evaluation 

V'i.siiid  inspoction,  at  ;tll-7l)\  inagnil'ication,  conliniu'd  to  lu'  iho  most  roliahlo  lochniiino  oinployod 
for  ilolocting  .siirfaco  fl.iws  in  rotor  hlailo  rings  .ind  sl.ilion.ir\  cor.imii:  flow  p.ilh  comtiononls.  .A  s\  slom 
of  code  loiters  w.is  nsod  to  dofino  ihi'  typo  of  flaw  ohsorvod  and  this  inform. ition  .dong  with  Iho 
location  of  the  flaw  was  ontorod  on  an  inspection  form. 

'faille  3.1  shows  the  overall  ipKilily  r.iling  system  est.ihlished  for  nilrided  rotor  hl.ule  rings  .md 
finished  diio-density  tnrhine  rotors.  This  system  l.ikes  into  .iccomil  both  the  ipi.mtity  .md  ly|ie  of 
defects  observed  with  .1  (pialily  level  of  1 h.iving  no  delecl.dde  di'fecl  while  .1  5 indic.ited  .1  tmor  ipKililv 
component  snilahle  only  for  experimental  f.ihric.ilion  purposes  or  henc.h  testing  I'he  first  rating  .1 
hlarle  ring  received,  after  nilriding.  w.is  considered  (iri'limin.iry  hec.mse  defects  in  llu'  rim  are.i  were 
(|uite  often  removed  during  siih.seiini'nl  m.ichining  slejis  .mil  in  some  c.ises  new  defects  were  reve.ded 
or  inlrodticed  during  the  diio-ih'iisily  rolor  fahric.ilion  process 


Three  types  of  defects,  which  were  Ihi'  most  difficult  to  delect,  were:  (1]  defects  in  the  rolor  hl.ide 
ring  rim,  |J)  internal  fl.iws  in  lil.ides  .md  |3)  h.ick  .md  front  side  defects  in  Id. ides  ih.it  did  not  extend  to 
either  the  leading  or  trailing  edges  of  the  Id. ides 


TABLE  3.1 


Blade  Ring  Quality  Deflnition 
Rating  Criteria 

1.  No  deteclablo  defect. 

2.  Blade  ring  can  contain  certain  imperfections  that 
would  not  result  in  a blade  removal  prior  to 
testing.  Ex<im|)les  of  these  imperfections  are 

(1)  Fold  lines  and  small  blade  chips 

(2)  Imperfections  in  rim  no  greater  than  0.050  inches 

length  with  no  visually  detected  depth. 

3.  Same  blade  quality  as  Grade  2.  Maximum  of  8 rim 
flaws  greater  than  0.050  inches. 

4.  Contains  maximum  of  8*  flawed  blades  and  rim  imperfections 
greater  than  0.050  inches. 

5.  Contains  axial  rim  cracks  and/or  flaws  in  blades  and  rim 
that  would  necessitate  the  removal  of  more  than  8 blades. 

* Total  of  8 maximum,  blade  plus  rim  flaws. 


Defects  in  the  rotor  blade  ring  rim  were  usually  not  characterized  until  after  the  injection  molded 
center  disk  was  removed  and  the  I.D.  of  the  nitrided  blade  ring  was  diamond  ground.  The  majority  of 
rim  defects  were  believed  to  be  the  result  of  differential  thermal  contraction  between  the  center  disk 
and  blade  ring  rim  which  occurred  during  the  injection  molding  process.  This  type  of  defect  (Figure 
3.6)  started  in  the  center  disk  as  a crack  at  an  angle  of  15  to  30  degrees  to  the  rim.  Most  of  the  crack  was 
removed  during  I.D.  grinding  resulting  in  a series  of  voids  or  low  density  areas  at  the  terminus  of  the 
crack.  This  was  usually  the  case  when  a crack  in  the  center  disk/rim  fillet  region  was  detected 
immediately  after  nitriding.  However,  in  some  cases,  no  crack  was  detected  after  nitriding  but  after 
I.D.  grinding  voids  were  revealed  which  were  formed  during  molding,  probably  from  entrapped  gas. 

Internal  blade  flaws  (Figure  3.7)  were  not  visually  detected  during  processing  but  were  observed  in 
some  blades  which  were  cold  spun  or  subjected  to  the  blade  bend  test.  This  type  of  flaw  would  not 
necessarily  be  detected  by  the  blade  bend  lest  as  it  could  be  located  in  a region  of  the  blade  cross 
section  which  was  subjected  to  compression  or  a low  tensile  stress.  In  the  future,  microfocus  X-ray 
techniques  will  be  investigated  to  detect  this  type  of  defect. 

The  back  side  surface  defect  shown  in  Figure  3.8  was  detected  during  visual  inspection.  However, 
because  of  the  location  of  this  type  of  flaw  relative  to  the  adjacent  blades,  the  line  of  sight  of  the 
microscope  and  the  direction  of  lighting  is  very  important.  Back  side  flaws  grossly  reduce  the  mechani- 
cal bend  strength  of  the  blades  as  they  are  located  in  a region  of  high  tensile  stress  during  bending. 

Quality  Monitoring 

During  previous  reporting  periodsl9.10'lf ) blade  bend  testing  was  conducted  on  silicon  nitride  rotor 
blade  rings  primarily  to  develop  the  equipment  and  establish  a repeatable  procedure,  A limited 
number  of  investigations  were  carried  out  on  injection  molded  and  slip  cast  blade  ringsDOl  and  on 
various  nitriding  atmosphereslH),  During  this  reporting  period  blade  bend  testing  was  used  as  a 
quality  control  tool  to  evaluate  the  nitriding  of  blade  rings. 

The  data  in  Table  3.2  represents  the  test  results  from  several  nitridings  made  during  this  rejwrting 
period.  The  strength  and  Weibull  modulus  values  of  all  these  nitridings  were  acceptable  except  for  the 
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nilri(ljn>;  All  parts  in  this  tiitriditifj  unrc  rnninvtsl  Irnni  the  laliricaliori  prncnss  lii;c;aiis(!  ol'llin  low 
slri'iinlh  \.ilin's. 


Hladi'  lu'iid  last  rasiilts  wait"  tint  usimI  as  tin’  sole'  aciiaplanaa/nijaction  criteria  hacaiisa  this  type  of 
tast  is  nnt  saiisitiva  to  tha  prasanca  of  iinriMctad  silicon.  Waihidl  stranj’th  and  modulus  values  for  H-HII 
and  H-HI  nitridinns  ware  accaptahh',  w ith  tiu'  modulus  v.duas  amonj’  tha  hif’hi^st  ohtaiiUMl.  howavar, 


visu.d  ax.unin.ition  of  tha  hhuh'  rin^s  showed  tIu'  pr(!sanca  of  unrtmcti'd  silicon.  Sinia;  priwious  lixst- 
in>!l'*l  indic.itad  a reduction  in  stran^ilh  would  occur  after  thermal  shocking;  and/or  thermal  soakinx, 
tha  parts  from  lhasa  two  nitridinxs  ware  also  ramovad  from  tha  rotor  fabrication  procciss. 
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INTERNAL  FLAW 


Figure  3.7  — Rotor  Blade  Internal  Flaw 


BACK  SIDE  FLAW 


Rotor  Blade  Backside  Flaw 


TABLE  3.2 


Blade  Ring  Mechanical  Load  Testing  Results 


Brew 

Blade 

Ring 

Characteristic* 

Weibul 

No. 

No. 

Load  (lbs.) 

Slope 

B-65 

1980 

87.9 

7.5 

B-65 

1977 

78.2 

8.2 

B-67 

1991 

85.4 

11.5 

B-67 

2023 

86.1 

10.3 

B-70 

2047 

85.5 

11.4 

B-70 

2063 

90.1 

9.3 

B-71 

2064 

83.7 

12.6 

B-7t 

2066 

81.7 

12.1 

B-71 

2067 

79.4 

10.7 

B-78 

2262 

75.2 

8.0 

B-78 

2280 

81.2 

9.2 

B-79 

2295 

78.1 

9.5 

B-79 

2302 

81.1 

17.0 

B-80 

2192 

81.3 

13.6 

B-80 

2318 

74.9 

16.8 

B-81 

2214 

70.4 

10.5 

B-81 

2325 

80.5 

14.1 

B-82 

2396 

81.6 

7.9 

B-82 

2455 

70.8 

9.8 

B-83 

2438 

66.0 

6.2 

B-83 

2575 

59.6 

5.5 

B-84 

2506 

85.7 

11.5 

‘Load  at  63.27r  failure  rate. 
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3.1.2  DUO-DKNSITY  SILICON  NITRIDE  ROTOR  TESTING 

Introduction 

During  this  rt!|Ktrti(ift  llu'  miijority  of  rolor.s  lostod  won;  fiihriciilod  iitili/in>!  Iho  siinplifiod  two 

pioco  approach  intnulncod  in  tho  la.st  interim  ropt)rttl  1).  Eleven  diio-density  silicon  nitride  rotors  were 
qualified  in  the  cold  spin  pit  prior  to  hot  to.stinjj,  I lot  testinjj  continued  primarily  for  the  development  of 
the  hot  .spin  te.st  rijj.  Two  of  the  seven  hot  rotor  tests,  one  in  tho  engine  and  one  in  a hot  spin  ri^. 
repres<;nted  major  accomplishments  ilurinj!  this  reporliiift  period. 

Cold  Spin  Testing 

The  colli  spin  pit  has  previously  been  u.sed  to  test  rotor  hubs,  sinjjle  blades  and  poor  quality  duo- 
density  turbine  rotors  to  failurel“"B-'hid,Ml  During  this  reporting  period  twelve  duo-density  rotors 
were  cold  spun  as  part  of  a procedure  to  .screen  miors  prior  to  hoi  le.sting.  The  qualifying  .speed. 
st;liH;ted  for  the  cold  spin  test,  was  ton  percent  over  the  planned  hot  test  speed  to  provide  some  margin 
for  the  additional  thermal  stre,s.ses  imposed  in  hot  te.sting.  Any  failure  of  the  rotor  blade.«  prior  to 
reaching  the  qualifying  speeil.  required  that  the  cold  spin  rig  be  shut  down  and  the  a.s.sembly  re- 
ludanced. 

The  test  re.sults  are  shown  in  Table  Rotor  1 142  was  fabricated  using  the  three  piece  concept 
which  was  di.srumtinued  during  tho  last  reporting  period  because  of  inconsi.stent  hot  press  to  hot  i)re.ss 
Imnd  joint  .strength.  The  remaining  eleven  rotors  cold  spun  were  fabricated  utilizing  the  sinqilified  two 
piece  approach  which  eliminated  this  trouble.some  bond  joint  and  no  problems  were  experienced  in 
the  hot  pres.sed  material  or  in  the  hot  pressed  to  reaction  sintered  bond  joint.  Five  of  the  eleven  rotors 
lo.st  1 or  more  blades  at  speeds  ranging  from  3t,  150  to  00,480  rpm.  In  each  case  at  least  one  of  the  failed 
blades  contained  a flaw.  Three  of  the  remaining  six  rotors  lo.st  a small  blade  chi|)  at  the  blaile  tip.  one 
of  the.s*;  (nrciirred  at  08,020  rpm.  Three  of  tho  rotors  were  (jualified  to  55,000  rpm  without  incident.  It 
.should  be  noted  that  three  of  the  rotors  which  lo.st  blades  or  a blade  chip  achieved  over  03,000  rttm 
Imfore  failure. 

Additional  cold  .st)in  te.sting  was  conducteil  in  the  Turbine  Rotor  Technolog\  Program  which  was 
.supfHirtrtl  b)'  KRDA  Divi.sion  of  Transportation.  This  work  is  covered  in  \’olume  2 of  this  report. 

Hot  Spin  Rig  Development 

Advancements  made  in  ceramic  materials  and  fabrication  procos.sos  produced  better  quality  rotors 
which  re.sult»Hl  in  longer  te.st  rig  running  times,  higher  .speeds,  and  increased  gas  flow  comlitions. 
(■',on.s«Hjuently.  test  rig  problem  areas  were  identified  which  were  not  evident  during  earlier  testing 
when  rotors  of  txtorer  quality  were  utilized. 

A combustor  flame-out  problem  was  encountered  iluring  rapid  accelerations,  when  te.sting  rotors 
with  more  than  25  blades.  This  was  produceil  by  a change  in  the  pressure  distribution  around  the 
naturally  a.spirated  burners  restdting  in  an  adverse  air/ fuel  (propane)  mixture.  The  solution  to  this 
problem  was  to  achieve  choked  flow  conditions  in  Ixith  the  combustor  air  and  fuel  supply  therein 
maintaining  a constant  air/fuel  ratio  regardless  of  the  burner  downstream  pro.s.sure.  The  burners  of  the 
combustor  were  enca.sed  in  a plenum  which  was  supplied  with  air  through  a choked  orifice  (Figure 
3.9).  This  plenum  de.sign  also  re.sulled  in  a more  uniform  velocity  di.stribution  to  the  individual  burners. 
Also,  an  orifice  was  placed  in  the  gas  stipply  line  to  iniluce  choked  flow. 

Attempts  at  high  sjwed  endurance  testing,  in  the  hot  spin  rig  created  a durability  prtiblem  with  the 
failure  detection  ring  previously  describednd.HI,  The  failure  detector  consisted  of  a thin  ring  of 
insulating  material  wound  with  clo.wly  .s^xiced  0.010  inch  platinum  wire  which  provided  a signal  when 
broken  by  blade  or  rotor  huh  fragments.  The  increased  operating  tem(>erature.s  for  longer  times 
weakened  the  .sodium  stabilized  colloidal  silica  coating  tisod  to  himlon  the  surface  of  the  <lefector 
insulation  material.  The  action  of  the  burned  ga.ses  over  the  rotor  blade  tips  then  ermled  the  insulating 
material  re.sulting  in  a failure  of  the  detector  ring. 
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TABLE  3.3 

Cold  Spin  Test  Results 


Rotor 

Speed 

Number 

RPM 

Results 

1142 

20.200 

Inner  bond  joint  failure  of  3 piece  rotor 

1195 

45.380 

Lost  blade  chip 

55.200 

Rotor  qualified 

1211 

55.000 

Lost  4 blades  at  maximum  speed, 
rotor  qualified 

1213 

63.620 

Lost  blade  chip 

65.000 

Rotor  qualified 

1231 

55,000 

Rotor  qualified 

1256 

31.150 

Lost  one  blade 

55.130 

Rotor  qualified 

1287 

44,760 

Lost  blade  chip 

55.000 

Rotor  qualified 

1294 

65.640 

Lost  1-1/2  blades 

70.580 

Rotor  qualified 

1296 

55.040 

Rotor  qualified 

1298 

55.220 

Rotor  qualified 

1309 

52.720 

Lost  1-1/2  blades 

55.030 

Rotor  qualified 

1324 

64.tKK) 

Lost  1 blade 

69.480 

Lost  1 blade,  damaged  3 adjacent, 
rotor  qualified 

The  thickness  of  the  insulation  was  increased  from  0.125  to  0.750  inches  even  though  this  comprom- 
ised the  sensitivity  of  the  detector  to  small  blade  segments.  The  coating  material  was  changed  to 
sodium  free  ammonium  stabilized  colloidal  silica.  Detectors  of  this  configuration  were  fabricated  and 
evaluated.  However,  the  required  initial  life  of  25  hours  was  not  achieved.  The  durabilitj’  problem  was 
.solved  by  changing  the  shroud  from  an  in.sulating  material  to  a solid  fused  silica  ring.  While  the  solid 
ring  could  not  incoriwrate  the  platinum  wire  failure  detector,  it  was  successfully  tested  in  a hot  spin  rig, 
with  a metal  rotor,  for  25  hours.  An  out-of-balance  detector  on  tbe  rotor  shaft  is  now  used  to  detect 
rotor  failures. 

During  previous  reporting  pericxl.sl^-ld'H)  the  hot  .spin  rig  rotor  bolt,  made  of  H-11  tool  steel  materi- 
al. was  cvaluatetl  for  short  time  tests  and  found  to  Iw  siitisfactor\-.  During  this  reporting  periixl  five  H- 
11  bolts  wert^  nm  for  times  from  31  minutes  to  nine  hours  to  monitor  creep  elongation  of  the  bolts 
(Table  3.41.  Since  jxirmanent  deformations  were  recortfed.  the  temixirature  distribution  of  the  bolt  was 
determined  b\  u.sing  temix^rature  sensitive  piiints.  Figure  3.10  shows  the  temperature  distribution 
obtained  when  the  bfdt  coeding  air  exit  temjxjrature  was  maintained  at  410°F.  Since  the  observed 
tcmiwrature  near  the  threadwl  end  of  the  bolt  approached  the  temperature  limit  of  the  H-11  material 
(1000®F).  the  b»)lt  material  was  changed  to  Inconel  718  which  has  higher  tem^x)raturo  caix»bilit>- 
ri?quired  for  long  time  ofx’ration.  Limited  testing  on  one  Inconel  bolt,  with  ceramic  rotors/hubs, 
indicated  no  creep  after  3 hours. 
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During  this  reportinjt  |)orii)d,  26  hours  and  22  minutes  of  hot  testinjj  duo-density  silicon  nitride 
turbine  rotors  was  accumulated.  An  additional  68  hours  and  24  minutes  of  hot  testing  was  conducted 
with  metal  turbine  rotors  during  combustor  and  burst  detector/shroud  development. 


Figure  3.9  — Hot  Spin  Rig  Combustor  with  Encased  Plenum 


TABLE  3.4 

Creep  Measurements  H-11  Rotor  Bolts 


Bolt 

S.N. 

Maximum 

Cooling  Air 

Exit  Temperature 

rn 

Test 

Time 

(Hrs;  Min.) 

Maximum 

Speed 

(RPM) 

Increase 
in  Length 
(inches) 

12 

400 

0:31 

24.000 

0.0006 

17 

310 

0:40 

24.000 

0.0002 

18 

410 

0:00 

45.000 

0.0014 

20 

350 

0:40 

50,000 

0.0007 

OO 

280 

0:37 

10.000 

0.0000 

22 

360 

2:20 

50.000 

0.0000 
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Figure  3.10  — Rotor  Bolt  Temperature  Distribution 

Tho  first  ceramic  rotor  tested.  1151.  was  fabricated  using  the  three  piece  rotor  approach  de.scrihed  in 
detail  in  the  tOth  and  1 1th  reports  Dne  of  the  problems  vvitli  this  fabrication  proce.ss  was  th«;  .strength 
variability  of  the  hot  pre.s.st!d  to  hot  pre.s.sed  bond  jointl'l).  Rotor  1151  exhibited  a strong  zyglo  indica- 
tion at  this  bond  joint,  however  since  it  was.ivailable.  it  wasdecideil  to  proceed  with  hot  testing.  At  the 
Imginning  of  the  test,  the  bond  joint  delaminated  during  combu.stor  light-off  at  10.000  rpm. 

The  remaining  six  ceramic  rotors  hot  tested  were  all  fabricated  utilizing  the  simplified  two  piece 
rotor  approach  introiluced  in  the  llth  report.  Table  3.5  summarizes  the  test  results.  It  shoulil  be 
emphasized  that  these  failures  were  not  necessarily  failures  of  the  rotors  them.selves  since  parallel  rig 
development  was  underway  involving  the  combu.stor  problem,  the  failure  detector  problem,  and  the 
bolt  problem  di.scus.sed  previously. 

Rotor  1184  was  the  first  rotor  te.sted  w hich  was  maile  iluring  the  development  of  the  simplified  two 
piece  hot  pressing  process.  The  combustor  was  fired  at  2000  rpm  and  during  a gradual  acceleration  the 
rotor  failed  at  3250  rpm.  A small  portion  of  the  neck  and  rim  region  of  the  rotor  broke  off  leaving  the 
rest  of  the  rotor  hub  bolted  in  place  with  nine  partial  height  blades  remaining.  An  analysis  of  the 
failure  showed  carbon  inclusions  in  the  rotor  hub  neck  area  near  the  fracture  initiation  site.  The 
carbon  was  probably  from  Grafoil™  u.sed  in  hot  press  bonding,  therefore  the  hot  pre.ssing  proce.ss  was 
minlified  to  reduce  the  risk  of  Grafoil™  entrapment  (see  Volume  2). 

TABLE  3.5 

Ceramic  Rotor  Test  Results  in  Hot  Spin  Rigs 

Blade  Number  Speed  (RPM)  Rim  Temperature  Total 

Rotor  Ring  of  Blades  Hot 


Test 

Date 

Serial 

Number 

Serial 

Number 

During 
Hot  Test 

Cold 

Spin 

Maximum 

Hot 

At 

Failure 

Maximum 

At  Time 

Failure  (Hrs:Min) 

2-12-77 

1184 

1816 

24-1/2 

— 

3250 

3250 

1000 

itwo 

0.:03 

2-16-77 

1205 

1985 

21-1/2 

— 

53,000 

53.(MW 

2050 

1985 

0:37 

6- 1 -77 

1211 

2034 

24 

55.(MM1  |1) 

2000 

A 

1900 

A 

0:20 

6-20-77 

1213 

2(W8 

26 

65.0(W 

43,000 

43,0(M1 

1800 

18(W 

4:50 

4-14-77 

1231 

2003 

17 

55.(KW 

30.(MW 

A 

1850 

A 

0:31 

9-17-77 

1256 

2017 

27-1/2 

55.0(W  (2) 

50.000 

50.000 

1840 

1800 

20:01 

|1)  Four  blades  failed  at  55. (MW  rpm 
(2)  Gno  blade  failed  at  31.150  rpm 
A Failure  detector  not  activated 
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Kdtor  1205  sustiiintul  tho  initiiil  lixIO-off  hut  oxc.ossivu  vibration  was  notod  at  40,000  rpin  and  tiu'  rix 
was  shut  down.  'I'lu!  rotor  was  inspoctod  and  a .s<>(;ond  run  was  initiattsl.  An  attoinpt  wiis  lUiido  !o 
aocolorato  throu>tli  tl\o  vibration  spood  ranxo  lint  a ciita.stropbic  failuro  occurrtHi  at  52,000  rpin  and 
10H5“F  rim  tointMuatiiro.  Sovoro  vibrations  woro  also  (Mic.onnttMHul  duriiiK  this  .stuiond  to.st, 

Rotor  t2tt  was  subjootod  to  an  »!xp«!rimontal  proiu\s.s,  durin>{  fabrication,  to  roinovc  tbo  first  blade 
fill.  During  colil  spin  proof  loslinn,  prior  to  hot  tostinn,  four  blad(\s  woro  lost  at  r)5,(M)0  rpm.  I)urin>{  tho 
hot  s|>in  tost,  t7  minutos  aftiu  li>dit>off,  a drop  in  tho  rotor  rim  ttmiporatunt  was  notod,  and  th(>  to.st  was 
torminatod  two  and  oiu!  half  minutos  iatt<r.  It  appiuirod  that  four  bladt's  had  spallod  off  at  tho  rim  at  a 
low  s|Ma>d  sinco  thoy  did  not  pi'uotrato  and  activate  tht'  failuro  (hdoctor.  Tho  failuro  was  attribiitiMl  to 
woakonod  blado  matorial  duo  to  tho  t'xpttriimmtal  fabrication  proco.ss  u.siul  l.sidisiHpiondy  discontin- 
uod)  to  ronmvo  tiui  first  blado  fill. 

Rotor  1212,  previously  cold  spun  toti5.0ltn  rpm  without  failuro,  wassubjtHiltMl  to  lit  liuht-off  cycl(\s  in 
tho  hot  spin  rift  wIutc?  tin?  rim  tomporaluro  was  cychsi  from  room  tomptinituro  to  1800"1'  without 
incident  to  invostixato  tho  effect  of  lixbt-off  as  a cause  of  blado  spalling.  Durinx  the  final  run,  a 
vibration  incroa.so  was  notisl  during  a rapid  .iccoloration  from  2(1,00(1  rpm  at  I000‘'l''  rim  lonpxu'aturo. 
l-'ailuro  occurred  at  42.200  rpm.  which  activated  tho  failurt^  dotiHitor  and  an  automatic  shutdown 
followed.  Fourteen  blades  wmo  broken,  all  above  mid'hiuKht.  and  tln^  rmnaininK  bladt;  tip  li<adinx 
odxos  showed  Sibils  of  rubbing.  Nearly  all  blade  failures  initialed  at  the  loading’  oil^o  side.  In  aildition 
the  turbine  bearing  had  failinl 

Rolt>r  1221  was  cold  .spun  to  55.000  rpm  w ithout  inci<lenl  A combustor  flamooiit  occurnxl  at  24.000 
rpm  on  the  initial  accohiration.  The  combu.slor  was  ri'-lit  at  2000  rpm  and  the  rotor  accohuatcnl  to  20.000 
rpm.  After  five  minutos  at  this  condition  the  lest  was  Itn'minalc'd.  'r(!ardown  of  tin?  rij!  revoalixl  that  idl 
the  blades  were  lo.st  with  .stweral  blaih!s  lyinx  intact,  in  the  exhaust  duct  and  the  failure  dtOeiOor  was 
not  penetrated  indicating  low  spetsl  f.iilure. 

Rotor  1250  lost  one  blade  at  21,150  rpm  during  cold  spin  (pialification  but  sub.se(piently  achieved 
55,000  rpm  without  further  incuhml.  Two  hot  runs  were  terminaUrd  after  oncounOjrinK  vibration 
problems  and  labyrinth  seal  rubs  at  2H.H00  and  40.000  rpm.  Tlmse  probh'ins  were  <;orrecteil  by  install- 
ing a imw  main  shaft  a.s.sembly  and  rotor  1250  was  run  for  10  hours  and  42  minult\s  at  50,000  rpm  ami 
Ifl00'’F  rim  lemp<;ralure.  The  lonpie  was  .seim  to  increa.s(<  ju.sl  ludore  a catastrophic  failure  occurred. 

As  seen  from  the  above.  .st>veral  of  the  It^sls  conducted  during  this  r<?porting  p<!riod  encountered 
excessive  rotor  shaft  vibrations.  A nvtwaluiOion  of  the  rotor  mounting  .system  was  initialeil  to  investi- 
gate the  cau.se  of  llm  vibration.  A ceramic  hub  was  balanced  with  a conical  adaptor  and  le.sted 
.successfully  in  hot  spin  rig  //2  to  50,000  rpni  at  and)ient  temperature.  Tht?  rig  was  then  operatt?d  at  20tMl 
r|)m  and  tin?  rim  temperature  of  Ihi?  hub  incri?a.sed  to  1800” F.  Atl(?mpl.s  to  accelerate  to  50,000  rptn 
re.sulted  in  high  vibration  and  rotor  shaft  inslidiilily  at  approximately  25,000  rpm.  The  conicid  mounting 
.sy.slem  was  then  replaced  with  the  more  expiinsive  curvic  mounting  .sy.sttini  designed  for  the  engine.  A 
similar  te.sl  was  conducted  with  a ceramic  hub  tnounled  with  tht?  curvic  couplings  and  was  compleittly 
.succe.ssftil  as  no  vibration  was  encounteretl.  hot  or  colil.  It  was  thi?n  ih?i:iih?d  that  future  hot  spin  rig 
tests  would  ulili/.e  the  curvic  coupling  mounting  configuration. 

Rotor  Failuro  Analysis 
IntnHluction 

Section  1.0  of  this  report  de.scrib(;d  the  iterative  approach  ulilizeil  in  the  Ford/1  lARI’A  ceramic 
development  program.  This  C(»(nprehensive  iterative  (hivelopnienl  program  involves  the  interaction  of 
design,  materials  development,  ceramic  proces.ses,  coniponeni  rig  l('.sting.  engine  testing,  no(i-d(>.struc- 
tive  evaluation  and  failun'  analy.sis.  'I'his  .section  describes  th*?  failure  analysis  .sy.slem  and  highlights 
.some  pertinent  re.sults  from  a typical  failure  analysis  conducted  after  a hot  spin  te.sl 

The  purpo.se  of  failure  analysis  at  this  slagt?  of  the  program  is  Iwo-htld: 

1.  to  determine  the  cause  of  failure  in  order  to  improve  (h?.sign,  nmteriid.s.  fabrication  and  le.stiag 
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2.  to  validate  or  invalidate  rotor  reliability  test  results  by  determining  whether  a given  rotor  failure 
was  due  to  material  inadequacy  or  extraneous  causes  such  as  improper  testing  or  rig  failure. 

Procedure 

The  failure  analysis  procedure  which  has  been  employed  for  over  a year  involves  a team  approach. 
Inputs  of  data  and  opinions  from  scientists,  engineers  and  technicians  in  various  disciplines  are 
gathered  and  a brief  summary  report  is  issued  which  usually  includes  recommendations  for  further 
action. 

Chronologically,  the  failure  analysis  task  starts  with  gathering  information  from  the  material  devel- 
opment and  component  fabrication  scientists  and  engineers.  This  includes  chemistry,  process  and 
inspection  reports.  Any  prior  history,  such  as  proof  testing  or  prior  service  is  also  noted. 

Next,  the  test  objective,  test  equipment,  and  test  schedule  are  obtained  from  the  test  engineer.  After 
the  test,  data  charts  are  reviewed  with  the  test  engineer.  Another  test  engineer,  not  associated  with  this 
particular  test,  also  reviews  the  results  and  sometimes  watches  the  actual  test  to  provide  an  indepen- 
dent opinion  on  the  proper  conduct  of  the  test. 

A stress  analyst  is  also  a member  of  the  failure  analysis  team.  He  handles  any  stress  or  heat  transfer 
calculations  which  may  be  necessary.  In  addition,  materials  engineers  and  design  engineers  analyze 
the  fractures  for  clues  to  the  cause  of  failure  and  to  determine  if  the  design  was  adequate. 

The  information  gathered  is  summarized  by  the  failure  analysis  coordinator  and  reviewed  by  all 
n>embers  of  the  team  prior  to  distribution  of  the  results  to  all  key  department  personnel.  While  not  one 
oi  the  best  rotors  tested,  an  example,  showing  the  highlights  of  the  failure  analysis  on  rotor  1231, 
follows: 

Test  Objective:  The  purpose  of  this  hot  spin  test  was  to  determine  the  long  term  reliability  of  rotor  1231. 
a duo-density  silicon  nitride  turbine  rotor. 

Test  Equipment:  Hot  spin  rig  number  1,  build  number  15  using  main  rotor  shaft  assembly  number  3. 
Test  Schedule:  The  following  steps  were  planned  for  this  test: 

1.  Rotate  rotor  to  2000  rpm. 

2.  Light  burners  and  accelerate  to  10,000  rpm. 

3.  Adjust  gas  flow  to  increase  the  rotor  rim  temperature  to  1700°F. 

4.  Maintain  1700°F  rim  temperature  during  gradual  acceleration  to  24,000  rpm. 

5.  Accelerate  quickly  to  41,000  rpm  (in  approximately  3 seconds)  to  avoid  resonant  vibrations 
previously  encountered  between  these  two  speeds. 

6.  Accelerate  gradually  to  45,000  rpm  monitoring  rotor  shaft  clearance  probe  for  any  evidence  of 
instability. 

7.  Readjust  rim  temperature  to  1780°F  at  45,000  rpm. 

8.  Operate  at  this  steady  state  condition  for  10  hours. 

9.  Decelerate  to  2000  rpm  in  approximately  5 seconds. 

10.  Shut  off  burners  and  stop  dynamometer  while  continuing  to  flow  all  cooling  air. 
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s,  11.  Repeat  cycle,  steps  1-10,  each  following  day  but  increase  the  rotor  rim  temperature  by  SCF  each 

day  until  2030°  F is  reached. 

12.  Run  the  rotor  at  2030°F  and  45,000  rpm  until  failure  occurs. 

t 

Data  on  Rotor  1231: 

1.  Rotor  Design  — Design  D prime  airfoil  configuration  with  narrow  throat  disk  contour  — simpli- 
fied two-piece  construction. 

2.  Rotor  Materials  — The  blade  ring,  serial  number  2003,  was  injection  molded  reaction  bonded 
silicon  nitride  of  2.7g/cc  final  density.  The  rotor  hub  was  hot  pressed  from  A.M.E.  CP-85  silicon 
nitride  powder  with  3.5  w/o  magnesium  oxide  added.  Powder  milling  was  batch  number  IH 
using  tungsten  carbide  balls,  methanol  medium  for  72  hours. 

3.  Fabrication  Process  — Blade  ring  2003  was  made  by  injection  molding  silicon  powder  and 
nitrided  in  nitridation  run  67  utilizing  the  demand  cycle  with  96%  nitrogen  and  4%  hydrogen. 
Simultaneous  hot  pressing  of  the  rotor  hub  and  bonding  to  the  blade  ring  was  accomplished 
utilizing  the  simplified  two-piece  approach  at  1000  psi  densifying  pressure,  1000  pounds  wedge 
restraining  load,  three  hours  at  1715°C,  0.040  inch  tooling  overhang  and  standard  slip  cast  silicon 
nitride  blade  fill  of  2.2  to  2.6g/cc  density. 

4.  Machined  Configuration  — The  rotor  was  machined  to  RTR-1505  (narrow  throat).  Blade  stubs 
were  ground  to  within  0.010  inches  of  the  rim  after  the  removal  of  defective  blades. 

I 

j 5.  Inspection  — The  blade  ring  was  inspected  in  the  molded  state,  after  burnout,  nitriding,  initial 

machining,  blade  fill  machining,  press  bonding  and  final  machining.  After  initial  machining  9 
voids  were  noted  on  the  inside  diameter  of  the  rim  and  two  blades  were  cracked.  After  blade  fill 
machining,  5 voids  remained  under  blades  17,  18.  26,  27  and  28.  Prior  to  cold  spin  testing  12 

j . defective  blades  were  removed.  After  cold  spin  testing  an  additional  7 blades  were  removed  to 

balance  the  rotor  leaving  17  blades  to  be  hot  spin  tested. 

6.  Proof  Test  and  Service  History  — Rotor  1231  with  24  full  length  blades  was  spun  in  a vacuum,  at 
I room  temperature,  to  55,000  rpm  without  incident. 

i Actual  Hot  Spin  Test  Conditions:  On  April  14,  1977,  rotor  1231  was  rotating  at  2000  rpm  when  the 

I burners  were  ignited.  After  accelerating  to  10.000  rpm  the  conditions  were  held  for  three  minutes  to 

i stabilize  the  temperature  and  then  the  rotor  was  accelerated  to  24,000  rpm.  The  burners  flamed-out 

i after  30  seconds  at  24.000  rpm.  The  speed  was  reduced  to  2000  rpm  and  the  burners  re-lit.  The  rotor 

I was  accelerated  to  and  stabilized  at  10,000,  24.000  and  30,000  rpm.  After  five  minutes,  at  30,000  rpm, 

^ visual  inspection  indicated  the  blades  were  missing  and  the  test  was  terminated. 

Fractography:  All  blades  were  lost  but  the  rotor  hub  was  intact.  Eight  blades  spalled  off  of  the  rim  in 
; three  areas,  and  five  of  those  were  found  lying  in  the  exhaust  duct.  The  eight  spalled  off  blades  were 

' 10, 11, 12. 13, 27, 28, 34  and  35.  Dimples  in  the  rim  fracture  sites  appeared  to  be  defects  in  the  blade  rim. 

Several  holes  in  the  insulation  around  the  rotor  were  made  by  blade  fragments,  but  the  failure  detector 
i wire  was  not  broken. 

I ' Test  Data  Evaluation;  The  Visicorder  chart  showed  the  rim  and  turbine  exit  temperatures  to  be 

dropping  slowly  for  5 seconds,  possibly  due  to  flame  instability,  followed  by  a sudden,  rapid  drop  due 
to  flame-out.  No  datum  was  available  to  indicate  when  the  blades  broke  off  since  the  blade  fragments 
which  hit  the  failure  detector  ring  did  not  rupture  the  failure  detector  wire  to  trigger  automatic 
shutdown.  The  low  impact  energy  of  the  blades  indicated  that  the  blades  broke  off  at  less  than  24,000 
rpm. 

Summary:  Failure  speed  and  temperature  are  unknown,  but  the  speed  was  much  below  24,000  rpm. 
The  spalling  type  of  failure  is  attributed  to  diagonal  shear  induced  by  compressive  stresses  in  the  rim. 
These  stresses  could  have  resulted  from  residual  stresses  and  abnormal  thermal  conditions  in  the  test. 
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Void  defects  in  the  rim  and  the  flame-uuts  and  relights  might  have  contributed  significantly  to  the  low 
speed  failure  of  this  rotor.  Were  this  test  made  for  rotor  reliability  distribution  information,  it  would 
have  been  invalidated  since  failure  could  have  been  induced  by  burner  flame-out  and  relighting. 

Rotor  Testing  in  the  Modifled  Engine 

The  modified  engine  configuration  was  developedllO)  so  that  a single  axial  turbine  rotor  could  be 
tested  in  the  engine  at  higher  temperatures  at  a lower  speed  than  planned  for  the  two  stage  axial 
turbine.  The  modification  reduced  the  regenerator  inlet  temperature  to  an  acceptable  level  by  u.sing 
combustor  inlet  and  compressor  discharge  air  to  dilute  the  hot  gases  exiting  from  the  single  stage 
turbine  before  entering  the  regenerator.  This  configuration  was  utilized  to  test  rotor  709  which  had  ten 
blades  of  907e  lengthl^O).  Subsequent  analysis  of  the  test  data  and  inspection  of  the  regenerator  cores 
indicated  that  the  amount  of  bypass  air  could  be  reduced  on  future  runs  without  overtemperaturing  the 
regenerator  cores. 

Since  the  duo-density  ceramic  turbine  rotor  to  be  tested  during  this  reporting  period  contained  more 
blades  of  longer  length  and  therefore  would  extract  more  work  from  the  hot  gases  and  further  reduce 
the  turbine  exit  temperature  from  that  experienced  in  709’s  run,  only  the  compressor  discharge  bypass 
route  was  employed  (see  Figure  3.11).  This  configuration  was  a step  closer  to  the  original  design  engine 
as  more  air  was  routed  through  the  turbine  flow  path. 


Figure  3.11  — Cross  Section  of  Modified  Engine  Flowpath 


Rotor  1195  Description 

Rotor  1195  was  the  second,  fully  machined,  design  D prime  duo-density  ceramic  turbine  rotor 
produced  using  the  simplified  two-piece  fabrication  concept  descr  t jd  in  detail  in  reference  11.  The 
2.7g/cc  reaction  sintered  silicon  nitride  blade  ring  (produced  by  injection  molding)  was  hot  press 
bonded  to  the  hub  while  simultaneously  hot  pressing  the  hub  from  silicon  nitride  powder  containing 
3.5  w/o  magnesium  oxide  densification  additive.  The  assembly  was  then  diamond  ground  to  final 
dimensions  using  the  procedure  outlined  earlier  in  this  report.  Figure  3.12  shows  the  finished  rotor  and 
attachment  hardware  prior  to  testing. 
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Figure  3.12  — Ceramic  Turbine  Rotor  1195,  Attachment  Hardware  and  Main  Shaft 

Since  this  rotor  was  produced  while  developing  the  duo-density  rotor  fabrication  process  several 
defective  blades  were  removed  to  reduce  the  risk  of  failure  during  cold  spinning  and  hot  engine 
testing.  A total  of  eight  blades  were  removed;  five  because  of  voids  in  the  rim  under  the  blades,  one 
which  was  cracked  during  injection  molding,  one  which  was  cracked  during  hot  press  bonding  and 
one  to  reduce  the  unbalance.  In  addition,  one  half  of  one  of  the  remaining  28  blades  was  broken  off 
during  handling.  The  blade  tip  diameter  was  reduced  from  the  blueprint  dimension  of  4.631"  to  4.542" 
to  provide  an  additional  0.045”  radial  tip  clearance  to  reduce  the  risk  of  tip  rubs.  Prior  to  the  engine 
build  the  rotor  was  spun  to  55.200  rpm  in  the  cold  spin  pit  as  described  earlier  in  this  rejxirt. 


Test  Results 


The  initial  test  of  ton  hours  of  steady  state  operation  at  45.000  rpm  and  2200°F  turbine  inlet  tempera- 
ture was  accomplished  with  complete  success.  The  start  up  and  shutdown  portions  of  the  test  are 
shown  in  Figures  3.13  and  3.14.  The  post  run  inspection  of  the  rotor  (Figure  3.15)  and  ass(x;iatcd 
ceramic  flow  path  hardware  showed  the  parts  to  be  in  excellent  condition.  Dimensional  checks  of  the 
rotor  and  mounting  bolt  indicated  no  permanent  deformations  had  occurred.  The  gold  plated  curvic 
teeth  on  the  metal  adaptor  and  the  main  rotor  shaft  were  in  very  good  condition  and  api>earod  identical 
to  developmental  lest  results  described  in  the  last  report!  H). 

The  sijme  parts  were  then  rein.slalled  for  further  to.sting  at  higher  speeds  and  temperatures.  The 
.start-up.  Figure  3.16.  was  very  similar  to  the  first  lest  and  after  conditions  stabilized  the  engine  was  run 
for  25  hours  at  2250°F  average  turbine  inlet  temperature  and  50.000  rpm  without  incident.  The  average 
turbine  inlet  temperature  was  then  increa.scd  to  2530°F  (2477  to  2582“F)  for  an  additional  one  and  one- 
half  hours  at  50,000  rpm. 


During  the  course  of  the  last  phase  of  this  26-1/2  hour  run  it  was  observed  that  the  measured  gas 
temperature  in  the  rotor  front  face  cavity,  .shown  in  Figure  3.17,  had  approached  lOOfl^F.  This  was 
cause  for  concern  since  it  was  considerably  in  excess  of  de.sign  expectations  (i.e.  1150°F).  Prior  furnace 
testing  of  the  metal  curvic  adaptor  to  ceramic  curvic  rotor  interface  indicated  potential  damage  due  to 
interface  friction  at  high  temiwrature.  A gradual  shutdown  was  started  by  decreasing  turbine  inlet 
temperature  while  maintaining  50,000  rpm.  but  catastrophic  failure  occurred  six  minutes  into  the 


shutdown  with  the  turbine  inlet  temperature  at  1{K)0°F. 
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TURBINE  INLET  TEMPERATURE  "F  TURBINE  INLET  TEMPERATURE 
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Figure  3.14  — Shutdown  Transients  of  Initial  10-Hour  Run  of  Rotor  1195 

The  failure  was  completely  contained  within  the  inner  portion  of  the  engine  main  housing  but 
caused  extensive  damage  to  the  ceramic  components.  In  order  to  determine  the  cause  of  the  failure, 
reconstruction  of  the  components  was  attempted.  Figure  3.18  shows  a front  view  of  the  reconstructed 
nose  cone.  It  was  noted  that  most  of  the  smaller  and  missing  pieces  were  located  in  the  plane  of  the 
rotor  hub.  Examination  of  these  fracture  surfaces  indicated  a mechanical  type  of  failure  occurred 
emanating  from  the  inside  of  the  bell  lip  and  probably  caused  by  pieces  of  the  rotor  striking  the  lip  of 
the  nose  cone. 
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ROTOR  SPEED  — RPM  ROTOR  SPEED  — RPM 
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Kiuiire  3.15  — Rotor  1195  after  10-Hoiir  Run 
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Kiviire  3.16  — Start  Transients  of  25-Honr  Run  of  Rotor  1195 
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Finure  3.17  — Ooss-Si;<;li(iiiiil  Showing  Kotur  Front  Face  Cavity 


Fiitiire  3.18  — Reconstrueteti  Nose  tame  alter  Failure  of  Kotor  1195 

■l-l 


Figure  3.19  — Rotor  1195  Kncoiistriictecl  after  Failure 


From  ihi.s  dal.i,  it  was  (utncliulfd  lli.it  the  c.iiise  of  I'.iiliiri'  u.is  the  everlie.itt'd  nu't.d  eiirvii'  .id.ipter 
whicli  had  seized  to  tlu'  cer.iniie.  niter  eurvie  ti'eth.  and  then  broke  off  these  tei'th  .is  it  eooleil  down 
during  the'  engine  shutdown  procedure.  In  \ iew  of  thest'  findings  the  nii't.il  to  eeraniic  interf.ict'  cooling 
will  he  modifii'il  before  the  next  rotor  test. 


.'\t  th('  time  of  f.iihire,  rotor  t tith  h.id  opm-.ited  in  the  modified  engine  for  3"  hours  .ind  tit  minutes. 
All  but  .1  few  minutes  of  this  running  time  was  on  uncooh'd  cer.imic  components  .it  unprecedented 
turbine  inlet  temper.itun's  of  3Ji>(''’F  or  higher  and  .it  Ih.tHiii  to  [itt.OtHt  rpm  This  included  om'  hour  .ind 
thirty  minutes  of  oper.ition  at  jritttr’F  .ind  ri|t.l)(*('  rpm 
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3^  CERAMIC  STATOR,  SHROUD,  NOSE  CONE  AND  COMBUSTOR  DEVELOPMENT 

Sunmury 

Fabrication  development  on  injection  molding  of  stators  and  nose  cones  of  2.7g/cc  density  was 
continued  on  a limited  basis.  Following  some  alterations  in  the  tooling  a group  of  stators  were  molded, 
processed  and  mechanically  tested  at  a loading  of  20  pounds  per  vane.  Some  additional  reaction 
sintered  silicon  carbide  stators  were  also  fabricated  because  of  promising  test  results  previously  pre- 
sented(ll).  Nose  cones  were  injection  molded  after  the  tooling  was  improved  to  prevent  premature 
movement  during  core  pin  withdrawal,  resulting  in  apparent  elimination  of  a previous  cracking  prob- 
lem at  the  strut  filletslH).  As  a back-up  approach,  a method  of  fabricating  reaction  bonded  silicon 
nitride  nose  cones  by  slip  casting  was  investigated,  and  a nose  cone  was  successfully  produced  for 
testing. 

Testing  of  stationary  components  continued  in  both  qualification  and  durability  rigs.  Staters  were 
subjected  to  more  severe  qualification  tests  as  the  vane  bend  load  was  increased  from  10  to  19  pounds 
and  the  outer  shroud  pressure  load  was  increased  from  100  to  200  jjsi.  Both  of  these  changes  were  made 
to  eliminate  weak  or  flawed  components  prior  to  engine  or  rig  testing.  Weight  gains  of  components 
were  monitored  during  hot  testing  at  1930  and  2500°F  and  found  to  be  below  previously  observed 
values  for  several  injection  molded  parts.  Over  1000  hours  of  hot  testing  was  accumulated  on  stators 
during  this  reporting  period. 

A complete  set  of  silicon  nitride  stationary  components  consisting  of  a nose  cone,  two  stators,  two 
rotor  tip  shrouds  and  a second  stage  stator  centering  ring  completed  the  program  objective  of  175  hours 
at  igao^F  plus  25  hours  at  2500°F  with  over  40  lights.  In  addition  a silicon  carbide  stator  successfully 
completed  over  175  hours  at  1930‘’F  plus  over  28  hours  at  2500°F  with  52  lights. 

Thus  stators  of  two  different  materials,  injection  molded  reaction  bonded  silicon  nitride  and  reac- 
tion bonded  silicon  carbide,  have  now  completed  the  program  durability  goal  of  200  hours. 


3.2.1 


FABRICATION 


Introduction 

The  primaiA'  emphasi.s  of  the  Ceramic  Turbine  Te.sting  program,  during  this  reporting  period,  was 
on  the  fal)rication  and  te.sling  of  duo-density  ceramic  turbine  rotors.  However,  engine  testing  of 
ceramic  rotors  rei|uires  the  u.se  of  stationary  ceramic  components  and  therefore  a moderate  effort  was 
expended  on  fabricating  silicon  nitride  nose  cones  and  stators.  During  the  last  reporting  period,  the 
fabrication  of  2.7g/cc  injection  molded  silicon  nitride  stators  and  nose  cones  was  initiated  but  cracking 
problems  in  the  green  "as  moldeil"  .state,  were  encountered  in  both  componentslH).  These  problems 
were  addressed  during  this  reporting  period 

Silicon  Nitride  Stators 

Fabrication  of  injection  molded  reaction  bonded  silicon  nitride  stators  at  the  2.7  g/cc  density  level 
was  continued  during  this  reporting  period.  As  previously  reportedi  • U.  a cracking  problem  had  been 
experienced  at  the  l.D.  shroud  due  to  .sticking  of  the  part  in  the  sprue  entrance  detail  of  the  tool.  To 
eliminate  the  sticking,  the  sprue  detail  was  teflon  coated  and  several  stators  were  molded.  The  sticking 
at  the  entrance  (see  location  A in  Figure  3.20)  was  eliminated.  However,  one  area  at  the  material 
overflow  (see  location  fl  in  Figure  3.20)  continued  to  stick.  It  was  determined  that  this  sticking  was  due 
to  overheating  of  a local  spot  in  the  die.  The  overheating  resulted  from  restricting  the  material  flow  in 
the  gate  and  by  closing  the  overflow  re.servoir.  the  overheating  was  eliminated. 


Figure  3.2(1  — Sprue  Detail  of  Design  D'  Stator  Tool 
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A group  of  visually  flaw  free  as  molded  stators  was  produced.  The  green  vanes  and  shrouds 
appeared  to  be  of  good  quality  after  microscopic  and  visual  inspection.  The  overflow  reservoir,  elimi- 
nated during  this  last  molding  run,  was  initially  incorporated  to  trap  gas  bubbles  which  formed  in  the 
turbulent  flow  region  formed  as  the  material  entered  the  die.  It  appears  that  the  improved  machine 
control  and  the  pre-injection  cavity  vacuum  reduce  the  need  for  the  overflow  reservoir. 

Further  processing  of  these  molded  stators  through  burnout  and  nitriding  resulted  in  26  stators  of 
acceptable  quality.  Mechanical  testing  of  these  26  components  is  discussed  in  the  NDE  segment  of  this 
Fabrication  Section. 

Silicon  Carbide  Stators 

Several  stators  have  been  fabricated  by  injection  molding  and  reaction  bonding  as  described  in  the 
previous  Reportll^l.  A summary  of  those  suitable  for  further  rig  or  engine  testing  is  given  in  Table  3.6. 


TABLE  3.6 


Reaction  Bonded  SiC  Stators 


Serial 

Number 

Density 

g/cc 

% Free 
Silicon 

Remarks  Concerning 
Quality 

507 

3.10 

12 

Good 

510 

3.08 

14 

Some  Molding  Flaws 

519 

3.11 

11 

Excellent 

520 

3.15 

7 

One  Blade  Broken 

528 

3.16 

6 

Excellent 

All  stators  were  processed  from  a polymer  filled  vvith  -600  mesh  a-SiC  particles  except  507  which 
was  filled  with  -1000  mesh  a-SiC  particles.  Each  stator  was  also  silicided  once  in  vacuum  except  507 
which  required  two  vacuum  siliciding  treatments.  It  is  estimated  that  all  stators  contain  less  than  2% 
porosity. 

Nose  Cones  (Injection  Molded) 

As  previously  reported(ll)  nose  cones  fabricated  prior  to  this  reporting  period  exhibited  small 
cracks  in  the  center  body  to  strut  fillet  and  outer  body  to  strut  fillet.  The  cause  of  the  cracks  was  traced 
to  the  movement  of  the  outer  die  blocks  prior  to  complete  withdrawal  of  the  center  core  pins.  A rework 
of  the  die  was  made  to  eliminate  this  problem.  The  die  was  reworked  to  allow  center  core  pin 
withdrawal  with  the  die  fully  clamped.  The  outer  die  blocks  now  open  only  after  core  pin  withdrawal. 
Hydraulic  cylinders  were  used  to  clamp  and  move  the  core  pins  and  die  blocks.  Cylinder  configuration 
is  shown  in  Figure  3.21.  An  initial  molding  run  was  conducted  to  check  out  tool  operation.  During  this 
run  it  was  determined  that  center  core  pins  were  being  pushed  out  of  the  die  due  to  material  pressure. 
Larger  hydraulic  cylinders  were  installed  to  eliminate  the  problem.  After  the  die  was  operating 
properly  10  nose  cones  were  molded  and  visually  inspected.  None  of  the  10  showed  any  cracks  in  the 
strut  attachment  areas.  These  nose  cones  were  further  processed  through  burnout  and  argon  sintering. 
To  date  no  strut  cracks  are  visible  after  processing.  X-ray  evaluation  of  the  nose  cones  molded  revealed 
no  voids  detectable  in  80%  of  the  parts.  This  is  directly  attributable  to  the  improved  clamping  of  the 
die.  The  tighter  cavity  allows  higher  injection  pressure  which  tends  to  reduce  trapped  gas  pockets 
which  appear  as  voids.  Further  molding  of  nose  cones  was  conducted  and  a large  group  was  produced 
for  further  processing. 
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Nose  ('ones  (Slip  C'asI) 


A slip  i;.i.sl  iiiisi'  coni'  fo.isilnlilv  iiu oslivi.ilion  u.ts  coiiiluctoil  liiiriii);  this  roportiii);  poriod  with  iho 
ohji'i'tivi'  of  m.inuf.ictiiriiii;  ono  noso  rono  for  lost  ri>;  I'wdiMlion  To  oxpodilo  tho  stini\.  .in  onliro 
pl.islor  mold  sysli'in  u.is  choson,  w liich  in  turn  roiiuirod  th.it  tho  noso  t:ono  ho  o.ist  in  two  piocos  w ith  .1 
sulisoi|Uont  hondini;  .issomhiv  ihto  o.islinit  i onsistod  ol  tlio  stmts  .ind  boll  .ind  tho  othor  c.istiii); 
consistod  of  tho  ontor  skirt  .is  shown  in  fiitnro  'A.22.  A st.ind.ird  hl.ido  fill  silicon  silicon  nitride  slip  w.is 
usod  to  c.ist  tho  indi\  idii.il  units  (Soo  Hl.ido  hill  I’rocossinj;  soction  :t  1 1 ttiis  roport|.  Aftor  c.istini:.  o.ich 
pioco  W.IS  ihoroiifthK  driod  .ind  thi-n  .iruon  sintorod  to  .1  suit.ihlo  in.ictiin.ihilit\  linrdnoss  I'tio  in.icliin- 
inj;  roiiuirod  w.is  miniin.il  duo  to  tho  diinonsion.il  .icciir.iCN  ol  tho  c.istings;  howevor.  to  f.icilit.ito  tho 
.is,soinhk  procoss.  ovt’rsi.’od  sirul  .iccoss  holes  h.id  to  ho  iniilod  in  tho  outer  skirt  ()nco  .issoinhlod  the 
struts  wore  bonded  to  tlio  skirt  usinit  low  itroon  shrink  hondini;  slips  .ind  usini;  inovioiisly  roportod 
hondini^  prucodiirosl  hi|  Anolhor  .ii>;on  sinter  w.is  conducted  on  tlio  bonded  noso  cone,  .ittor  which 

o. u:h  bond  joint  w.is  optic. ilK  inspected  for  ^roon  shrink  cr.icks.  None  wore  observed  .ind  thoroloro  tho 
.issomblv  W.IS  nitridod  .ind  fin.il  di.iinond  ground  \'ni-!  |>rocoduros  on  tho  lin.il  product  showed  tlio 

p. irt  to  ho  free  of  "obvious  fl.iws  I ho  noso  cone  w.is  then  rolo.isod  lor  lost  ric  owilu.ilion  llol.iils  .iro 
covered  in  .'section  2.2.2. 


Figure  3.22  — Slip  ('ast  Nose  ('one 
NDE  — Stator  Vane  Mechanical  Test  Fixttire 

nuring  this  reporting  poriod  .iddition.il  efforts  w I'lo  in.ido  to  olimin.ito  slicking  ol  tlio  lo.iding  pins  in 
tho  moch.inic.il  lost  fixture  The  lo.iding  fixture  w.is  dis.issombiod  .ind  inspected  for  burrs  .ind  sh.irp 
edges  which  could  possibly  bo  the  c.iuso  of  pin  to  pin  lo.ul  wiri.ilion  I’ins  .ind  holo.s  w ore  mo.isurod  in 
.in  .illompi  to  .i.s.s()ci.ilo  pin  clo.ir.mco  with  lo.id  i.iri.ilion  .\’o  corroi.ilion  of  lo.ni  \ .iri.ilion  with  pin 
clo.ir.inco  v.iri.ilion  w.is  noted  I ho  tixturo  w.is  do. mod.  ro.i.ssoinblod,  .ind  roc.ilibr.itod  with  ossonti.il- 
K the  .s.imo  m.ignitudo  of  lo.ul  v.iri.ilion  .is  boforollH 

I'wontv  -six  sl.ilors  wore  .screened  in  this  fixture  o\  on  though  tho  sm.ili  pin  to  pin  \ .iri.itions  wore  not 
olimin.ilod.  Screening  conditions  wore  100  psi  corresponding  to  .i  unit  lo.ul  ot  20  pounds  per  v.ino 
rwonly-ono  of  Iwontv  -six  sl.ilors  j'.i.s,sod  the  100  psi  .screening  procedure  I'.iilure  usu.illv  w.is  .iltrib- 
uted  to  one  or  more  of  three  t\  pes  ol  fl.iws  I'liese  ll.iws  c.in  be  ch.ir.icteri.'.ed  .is  H lillet  cr.icks  in  the 
v.ine  not  extending  to  .in  edge.  21  lo.iding  ,ind  Ir.iiling  edge  cr.icks  or.  .11  surl.ice  roughness  on  thi’ 
tr.iiling  edge  of  the  v.ines  Sever.il  ol  the  sl.ilors  h.ul  r.uli.d  cr.icks  in  the  v.ines,  .iiul  others  conl.iined 
shroud  defects  c.iu.sed  b\  poor  knitting  of  the  ni.ileri.il  during  molding  This  Ivi'o  ot  delect  did  not 
contribute  tow.irds  mech.mic.il  f.iilure 


3.2.2  TESTING 

Introduction 

rix'  .stationary  hot  flow  patli  coinpoiuMits  inchulo  tlx?  oomlui.stor.  tnrhiix!  inlot  noso  cono, 
ooininon  first  anil  .socoiul  sta^o  stator.s.  aixl  first  aiul  soooiul  sta^to  rotor  tip  shrotiil.s.  In  Iho  Dosi^n  I) 
priino  oonfiKiirationl  1**1.  tho  addition  of  a socond  .statto  .stator  oontorinx  rin^  was  inado. 

Tho  corainii;  flow  |>ath  coinpoixMit.s.  with  tho  oxoo|)tion  of  tho  coinhnstor,  woro  (‘xton- 
sivoly  to.stod  and  a nuinhor  of  significant  inilo.stonos  woro  achiovod. 

Tho  tostinn  contorod  on  ipialification  of  compononts  aixl  snh.soipxxit  .steady  state  durability  to.stinn 
at  tt)30  and  2500"F.  In  addition,  duty  cycle  transient  environment  te.sting  was  initialed.  With  the 
iixdnsion  of  this  test,  ceramic  flow  |>ath  com|)oix'nts  were  subjected  to  the  total  thermal  environments 
contained  within  the  planixxl  301)  hour  durability  duly  cycle. 

As  was  .stated  in  the  la.st  re|)orll'  *1,  the  fabrication  of  ceramic  flow  path  compotxmls  was  resumed, 
on  a limited  basis,  uliliziufj  a 2.7  n/i:c  density  silicon  nitride  material  for  the  first  time  for  injiiclion 
inoldin)!.  It  was  iximarily  compoixmts  from  this  effort  which  were  evaluated  during  this  reporting 
|>eriod. 

.Mso  evaluated  was  tlx!  initial  silicon  nitride  uo.se  cone  fabricated  by  the  slip  casting  proce.s.s.  Testing 
of  a reaction  botxled  silicon  carbide  stator  was  resumed. 

A summarx  of  all  flow  |)ath  components  iwalnaled  during  this  reporting  |>eriod  is  presented  in 
Tables  3.7.  3.8  and  3.0. 

CompononI  Quaimcalion 

As  described  in  previous  re|)ort.sl*’3>.  lO.t  I|.  .stationary  ceramic  flow  path  coinixmenls  are  initially 
.subjected  to  a i|ualification  le.sl  before  being  considered  acceptable  for  engine  le.sting.  This  is  doix;  to 
screen  out  parts  with  gro.ss  fabrication  and/or  (troce.ssing  defects. 

While  the  |>r<n'iously  ile.scribed  ID-light  testl  •*'),  appears  to  be  sufficient  for  no.se  cone.s.  lipshroud.s. 
and  centering  ring.s,  it  apixmrs  to  be  inadeipiale  for  stators.  Therefore  in  order  to  IxOter  qualify  stators 
prior  to  engine  te.sting.  two  additional  tests  have  bixm  incor|)orated  as  part  of  the  .stator  qualification 
.sequence.  The.se  tests  were  introduced  in  the  la.st  reporll"!  and  have  been  ex|)anded  during  this 
reporting  (leriod. 

The  first  le.sl  subjects  each  stator  vane  in  the  a.s.sembly  to  a bending  load.  A .schematic  is  .shown  in 
Figure  3.23.  After  .some  developmenll  * Ma  qualification  load  (I.Qlof  ten  pounds  per  vatm  was  .selected. 
FaghI  2.7g/cc  density  .stators  were  .subjected  to  this  le.sl.  Sub.sequenI  ID-light  le.sting  failed  vanes  in  two 
of  lhe.se  a.s.semblies  jlDHli  and  ID4D). 

Table  3. ID  .summarizes  the  a|)|iroximale  size  of  the  gross  fabrication  defects  revealed  from  the  8 
failed  vanes  |7  from  ID8D  ami  I from  104!)).  Failure  of  the.se  vanes  during  the  ID-light  le.sl  after  being 
Vtine  Ix'ixl  tested,  was  an  unacceptable  re.sult  and  prompted  further  le,sting  utilizing  a number  of 
previously  qualified  and  tested  stators. 

Stators  ID4D.  ID8ti,  ID!)D.  and  1 1.34  were  vaix)  bend  tested  to  de.struction.  A total  of  77  vanes  were 
failed,  of  lhe.se.  13  vanes  contained  gro.ss  flaws  in  the  fracture  surface.  The  approximate  flaw  sizes 
versus  failure  load  is  .shown  Figure  3.24.  The  remaining  84  vanes  were  clas.sed  as  flaw-free  in  the 
fracture  surface.  The  failure  load  data  is  pre.sented  in  Figure  3.25. 

Two  olfik'n'iilions  were  made  from  this  data  concerning; 

(a)  prevalent  liNaition  of  gro.ss  flaws  and 

|b|  vane  load  ca|)ability 
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TABLE  3.7 


Summary  of  Nose  Cone  Testing 


Traiulent 

1»J0*F 

2S00°F 

Mt*cellaneou( 

Component 

Total 

Total 

MalerUl 

Qualification 

Durability 

Durability 

Totting 

Statu* 

Time 

Ughlf 

and  Deaifn 

Shut- 

LIghli 

Shut- 

deniiflcatlon 

Serial 

down! 

downs 

Number 

Number  LIghu  Cold 

Hoi  Houra** 

Cold 

Hoi  Cold  Hot  Hour*** 

Llghti 

Hour* 

Light*  Hour*** 

Houra** 

Tarjtei 

10 

9 

1 

02 

12 

24 

<1  30 

175 

4 

25 

S 

2<H» 

50 

S 

73 

142 

1075 

K 

10,75 

142 

1 

102 

20 

U 

2 

0.5 

49 

as 

21  04 

245.5 

F.B 

246 

165 

I 

103 

19 

17 

2 

0 4 

1 

2 

3 

505 

K.O 

509 

22 

1 

130 

5 

3 

2 0 

24.5 

K.ll 

24,5 

8 

S 

202 

10 

9 

I 

<1.2 

9 

•> 

9 2 

0.5 

1 

5.0 

1 

18  3 

K.C.O.X 

300 

28 

•> 

207 

51 

45 

0 

11 

11 

10 

21 

770 

8 

11.75 

IMI 

90  45 

80 

1 

MH 

40 

42 

4 

2,0 

15 

50.3 

F,(:,().X 

523 

HI 

2 

320 

10 

1 15 

K.X 

1 15 

10 

•> 

321 

32 

29 

3 

1.0 

25 

20  5 

22.8 

"1 

2.75 

K.X 

27  15 

59 

;l 

H(Mi 

32 

30 

2 

0.7 

4 

4 

29  75 

8 

4 3 

K.ll 

34  75 

44 

;» 

807 

04 

58 

0 

1.25 

K.(:.x 

1.25 

fi4 

:i 

814 

14 

13 

1 

0.4 

5 

5 

334 

K.C 

338 

19 

801* 

9 

9 

0.25 

F,c;,n 

0.25 

9 

4 

871 

10 

9 

1 

0.25 

4 

4 

57.1 

I'.H 

57.35 

14 

4 

872 

50 

50 

0 

l.l 

29 

140  05 

K.C 

147  15 

85 

4 

875 

10 

9 

1 

0.25 

3 

4.2 

2 

1 85 

K.l) 

0.3 

15 

4 

87fi 

in 

9 

1 

0.25 

0 

0 

55.1 

K.H 

5535 

10 

5 

880  • 

II 

9 

•» 

0.3 

K 

03 

11 

4 

880 

40 

30 

4 

10 

K.C 

10 

40 

5 

890 

10 

9 

1 

0.25 

9 

9 

31.8 

III 

3205 

19 

5 

894* 

a 

8 

8 0 

3 

2.2 

.S 

10.2 

11 

4 

903 

to 

9 

t 

0.25 

K.C,X 

0.25 

10 

5 

*H)4 

7 

0.5 

K.X 

0 5 

7 

5 

iMt9* 

3 

37  25 

K.O 

37.25 

3 

4 

910 

12 

1 1 

1 

0 25 

K.ll 

025 

12 

4 

91H 

14 

13 

1 

0.25 

12 

12 

30  0 

K.C 

30  85 

20 

4 

917 

to 

9 

1 

0 25 

K.C.X 

0 25 

10 

4 

920 

3 

15 

K.H,X 

1 5 

3 

li 

imto* 

213 

P.M 

•)•» 

0 1 

S 

0 1 

213 

8 

ion* 

10 

9 

1 

0.25 

22 

22 

175.0 

10 

26.4 

s 

281.65 

42 

$ 

1018* 

12 

11 

1 

0.25 

27 

27 

106.7 

2 

7.0 

F,H 

193.9S 

41 

l> 

1023* 

3 

3 

0 1 

K 

0 1 

3 

y 

AKl* 

39 

9 

30 

I 5 

5 

5 

30,75 

K.ll 

38.25 

44 

1037* 

to 

9 

1 

25 

4 

84 

K.ll 

8 05 

14 

• Nt*v\  I'HtiA  this  rt'iH»rling  **  Up  tn  .»t  UmsI 

St’riiil  NumlM'fs  .iro  2.2  M/cc  tlonsity.  art'  2.55  }</<•<•  Ucnsily:  KMMt  sorios  arc  2.7  ^/a:  ilt'nsily 


Ki*\  to  Status 

i'  » Failt'tl 

()  ■ Failurt'  tHcurri'tl  in  tilhtT  thiin  .VRPA  titjty  cycit' 

}{  ■ Part  faili'tl  ihirin>t  hantIhnK 

S ■ SorvitUMhlt* 


()  * Oracktui  shnaul 

n * Inner  bmly  crack 

X Internal  material  flaw  involved  to  failtire 


Ke>  to  Material  and  Ih'si^n  hlentification  Nuinln'r 
S * S|NM:ial  t‘X|M*iimi'ntal  inotitficalion 

1 * Short,  .sloltt'd  and  .si;a)lo)H'd 

2 • l.ttiiH.  sloIttMl  am!  scalloix'd  SMth  ihermiH  oupIt*  httles 

.1  « Short.  tlesiKH  O 

4 ■ lainH.  tlesiKn  D 

5 • Anidetl  slots  2 55  )(/ci;  densit\ 

H • AnKltMl  slots  2 7 g/cc  densiK 

7 ■ Slip  cast.  angliHl  slots  2 5 ^/cc  dt'n.Hit\ 
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TABLE  3.8 

Summary  of  Stator  Teating 


Traiulaal 

IUt*F 

UM*F 

Mlacallanaout 

CompoiwBl 

Total 

Total 

QualUlcaHon 

Durablllly 

Durablllly 

Taallni 

Slalut 

Tine 

Ughta 

Malmtal 

Shul- 

U|hli 

Shul- 

amincallon 

Sarial 

dowiM 

downt 

Numbar 

Number  UghM  Cold 

Hoi  Hourt** 

Cold 

Hoi  Cold  HM  Hourt**  Lighlt 

Hours 

Ughlt  Hourt** 

Hours** 

Tar*.!! 

10 

9 

1 

0 2 

12 

24 

0 36 

175 

4 

25 

S 

200 

50 

2 

421 

10 

9 

1 

02 

3 

200 

(;.x 

300 

13 

•> 

424 

10 

9 

1 

0,25 

9 

2.75 

i;.x 

300 

19 

•» 

426 

10 

9 

1 

02 

17 

14 

8 25 

103 

F.C 

1032 

41 

•» 

430 

10 

9 

1 

02 

14 

13 

8 21 

81.5 

K.C 

61.7 

37 

$ 

92S* 

14 

13 

1 

e.s 

28 

28 

178.7$ 

8 

20.0 

s 

285.2 

52 

1 

715 

10 

9 

1 

02 

8 

0 1 

F.V.O 

03 

18 

\ 

751 

11 

10 

1 

02 

'1 

<;,v.o,x 

0.2 

13 

•» 

817 

34 

31 

3 

075 

s 

0.75 

34 

1 

820 

14 

13 

1 

03 

c,x 

0.3 

14 

t 

841 

12 

11 

1 

02 

8 

10 

16 

428 

F.C 

43.0 

28 

1 

848 

11 

10 

1 

02 

F.H 

02 

11 

1 

852 

23 

20 

3 

1 7 

F.O 

1.7 

23 

\ 

858 

12 

11 

1 

02 

8 

10 

18 

42.8 

F.C 

43.0 

28 

1 

805 

12 

11 

I 

025 

2 

95 

F.V.I.O 

10  15 

14 

! 

888 

12 

11 

1 

0.25 

2 

9.5 

F.V.I.O 

10,15 

14 

6 

879* 

U> 

9 

1 

0.25 

•> 

to 

19 

40.0 

F.V.I 

41.25 

31 

2 

880 

51 

44 

7 

3 7 

1 

5.0 

S 

8.7 

52 

6 

884 

10 

9 

1 

025 

18 

18 

20,15 

F.H 

20.4 

28 

3 

889 

122 

110 

12 

21  4 

4 

4.88 

S 

26  1 

128 

3 

898* 

45 

9 

38 

1 75 

5 

5 

38.75 

s 

385 

50 

1 

910* 

1 

1.0 

7 

55.75 

F.V.I 

56.25 

8 

1 

911 

to 

9 

1 

0 25 

5 

5 

54.0 

F.V 

54.25 

15 

2 

9IIA 

11 

10 

1 

025 

1 

025 

11 

21.75 

F.V.I.O 

22,25 

23 

4 

912A* 

10 

9 

1 

0.25 

F.C 

0 25 

10 

4 

913 

18 

9 

7 

05 

.S 

0.5 

18 

K 

921 

10 

9 

1 

0 25 

9 

9 

8.15 

F.H 

84 

19 

4 

924 

10 

9 

1 

025 

21 

30.5 

F.V.X 

30.75 

31 

4 

927 

to 

9 

1 

0 25 

7 

0.5 

F 

0.75 

17 

4 

93H 

10 

9 

1 

025 

5 

5 

lO.O 

S 

1025 

15 

4 

940 

to 

9 

1 

0,25 

19 

8 13 

325 

F.C 

32.75 

29 

4 

943 

to 

9 

1 

0.25 

3 

4.2 

1 

1.45 

F.C 

59 

14 

4 

945 

II 

9 

2 

05 

1 

0.03 

F.O 

0.53 

12 

4 

948* 

10 

9 

t 

0,25 

10 

10 

175.75 

S 

176  0 

20 

4 

954 

10 

9 

1 

0.25 

9 

9 

174.75 

S 

175  0 

19 

3 

955 

to 

9 

1 

025 

2 

•> 

22.75 

F.C 

230 

12 

7 

1037* 

10 

9 

I 

025 

F.V 

0.25 

to 

7 

1039* 

to 

9 

I 

0.25 

F.V 

025 

10 

7 

HH9* 

to 

9 

1 

025 

F.V 

0.25 

10 

7 

1071* 

10 

9 

1 

025 

S 

025 

to 

7 

1088* 

4 

4 

0.03 

F.V.C 

003 

4 

7 

1098* 

10 

9 

I 

0 25 

10 

10 

175,75 

K 

178  0 

20 

7 

1099* 

39 

9 

30 

1 50 

4 

4 

38  75 

F.C 

38  25 

43 

7 

1104* 

to 

9 

1 

0.25 

4 

84 

F.C.X 

8.85 

14 

7 

116S* 

12 

11 

1 

6.2S 

22 

22 

175.0 

10 

20.4 

S 

281.85 

44 

7 

1113* 

10 

9 

1 

0 25 

3 

37.25 

F.O 

37.5 

13 

• 

1114* 

13 

12 

1 

0,25 

F 

0.25 

13 

7 

1117* 

10 

1 

1 

0.2S 

22 

22 

17S.0 

10 

20.4 

S 

281.15 

42 

7 

1134* 

10 

9 

I 

0 25 

F.C 

025 

10 

7 

1135* 

10 

9 

I 

0 25 

S 

0.25 

10 

• Nf\^  fnlr>  this  |H’rit»tl  **  Up  lt»  at  loast  1930'’F 

SiTial  Niimix'r  -IJl'ttSS  art*  2 55  it/ct:  t*xi:opt  fttr  525  which  was  Si(/  IlKH)  Scries  arc  2.7  ^/cc  tionsity. 

K«*y  to  ('om}Nmt*nl  Status 

5 • S«*r\  iciNihIt*  U ■ Urackml  shromi  X * InliTnal  malt*riul  flaw  involvtui  in  failure 

F • Kailetl  V • Vances)  failtnl  I ■ lm|)iict  failure  frtim  ctimhuslor  carlnm 

()  • Failurt*  occtirrotf  in  other  than  ARPA  duly  cycle 

If  • Part  failetl  diirtnK  handling 

Ke>  to  Material  Itlenlificalion  NumlN*r 

1 ■ Niirkfed  in  Harrup 

2 ■ Nttrldcd  at  Vac  Hyd 

3 ■ Niirkfed  Ir  Brow'  100* . Nitrogen 

4 • Niirkfed  in  Brow  96'  • Nitrogen.  4' ’>  Hydrogen 

$ ■ Silicon  Carbkfo 

6 ■ Niirkfed  at  Vac  Hyd  and  at  Ford 

7 • Niirkfed  in  Brew  96' i Nitrogen.  4'^  Hydrogen.  27g/cc  density 

5^ 


I 


TABLE  3.9 


Summary  of  Shroud  & Centering  Ring  Testing 


Transient 

193t*F 

2S00*'F 

Miscellaneous 

Component 

Total 

Total 

Qualification 

Durability 

Durability 

Testing 

Status 

Time 

Lights 

Design 

Shut- 

Lights Shut- 

Idenlificetion 

Serial 

downs 

downs 

Number 

Number  Lights  Cold 

Hot  Hours** 

Cold 

Hot  Cold  Hot  Hours**  Lights 

Hours 

Lights  Hours** 

Hours** 

Target 

10 

9 

1 

0.2 

12 

24  0 36 

175 

4 

25 

S 

200 

40 

First  Shrouds 

24 

19 

17 

•» 

0.4 

1 

2 3 

50.5 

S 

50.9 

22 

1 

in 

13 

12 

1 

0.2 

61 

41  34  M 

24S.6 

s 

245.2 

115 

2 

im 

15 

13 

2 

0.25 

F 

0.25 

15 

2 

120 

12 

11 

1 

0.25 

S 

0.25 

12 

•j 

124 

10 

9 

1 

0.25 

S 

0.25 

10 

2 

134 

10 

9 

1 

0.25 

22 

22 

17S.0 

10 

20.4 

s 

201.05 

42 

2 

136 

10 

9 

1 

0.25 

13 

13 

125.75 

F.C 

126.0 

23 

5 

I 

10 

9 

1 

0.25 

7 

0.5 

F 

0.75 

17 

5 

2 

15 

15 

18.00 

3 

2.1 

S 

20.1 

18 

7 

1 

10 

9 

1 

0.25 

3 

37.25 

F 

37.5 

13 

7 

1 

12 

11 

1 

0.25 

1 

1 

49.7 

9 

29.9 

S 

79.85 

*>9 

7 

3 

25 

17 

B 

0.7 

S 

0.7 

25 

7 

4 

12 

11 

I 

0.25 

F 

0.25 

12 

7 

5 

39 

9 

30 

1.5 

5 

5 

36.75 

S 

38.25 

44 

6 

10 

9 

1 

0.25 

S 

0.25 

10 

Second  Shrtmds 


3 

•) 

to 

9 

1 

0.25 

F.C 

0.25 

10 

3 

3 

12 

11 

1 

0.25 

8 

10.2 

31 

75.7 

S 

86.15 

51 

3 

4 

in 

9 

1 

0.25 

F.C 

0.25 

10 

4 

6 

3 

1.75 

F 

1.75 

3 

4 

38 

19 

17 

'> 

0.40 

11 

9 

13 

56.7 

F 

57.1 

32 

4 

too 

1 

9 

10 

6.4 

30 

1.6 

S 

8.0 

10 

4 

102 

1 

9 

10 

6.4 

s 

6.4 

10 

4 

104 

75 

5.1 

S 

5.1 

74 

4 

106 

10 

9 

1 

0.2 

61 

41  34 

60 

245.0 

S 

245.2 

112 

0 

1 

32 

29 

3 

0.7 

22 

22 

175.0 

10 

26.4 

s 

202.1 

64 

fi 

2 

10 

9 

I 

0.25 

3 

37.25 

F 

37.5 

13 

(> 

3 

19 

19 

0.5 

S 

0.5 

19 

ft 

4 

10 

9 

I 

0.25 

S 

0.25 

10 

li 

5 

39 

9 

30 

15 

5 

5 

36.75 

S 

38.25 

44 

6 

(> 

10 

32.4 

1 

1.0 

S 

1.0 

I 

6 

7 

20 

IH 

•» 

0.5 

s 

0.5 

20 

(altering  Kings 

H 

1 

10 

9 

1 

02 

7 

7 

168. 

8 

24.3 

s 

192.5 

25 

H 

3 

12 

11 

1 

0.25 

15 

15 

23.8 

F 

24.05 

27 

9 

I 

10 

9 

I 

0.25 

3 

37.25 

F 

37,5 

13 

9 

2 

12 

11 

1 

0.25 

22 

22 

175.0 

10 

26.4 

s 

201.65 

44 

9 

3 

4 

4 

0.1 

9 

29.9 

1 

1.0 

s 

31.0 

14 

9 

4 

55 

49 

6 

1.5 

s 

1.5 

55 

9 

5 

39 

9 

30 

1 .5 

5 

5 

36.25 

s 

38.25 

44 

9 

ti 

to 

9 

I 

(t.25 

•S 

0.25 

in 

•*  1 1|>  fo  .il  If.wl  Dcn.sily  2 B-2  7>{/ci; 

Ki'>  to  (Component  Stiitn.s 
S * S<Tvict*.iblt’ 

K ■ Fiiilt'd 

* 0<ick(><i 

Ki*\  to  Itlentifitailion  Ntimltor 

1 * Isl  (li'siKH  H 

2 * ls(  stdKc  ib’siKn  f) 

3 • 2n<i  il(?9tgn  t) 

4 • 2nil  stilffe  design  H 

5 ■ Isl  stage  mocilfitnl  rngint?  di^sign 
A • 2nit  stage  design  D.  unslolled 

7 « tst  stage  d«;sign  D.  (inslottt'd 

A • 2nd  stage  stator  r.(*ntering  ring,  slottini 

9 ■ 2nd  stage  stator  centering  ring,  iinslotttnl 
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I 


QUALIFICATION 

LOAD 

(Lq) 


A - LEADING  EDGE  MAX  STRESS  LOCATION 
B - TRAILING  EDGE  MAX  STRESS  LOCATION 

Figure  3.23  — StaCor  Vane  Loading  Schematic 


TABLE  3.10 


Approximate  Flaw  Size  Data 
Vane  Identiflcation  Approximate  Flaw  Size  (In.*) 


1049  — 22  0.025 

1086  — 1 0.028 

1086  — 2 0.028 

1086  — 3 0.024 

1086  — 7 0.016 

1086  — 9 0.0075 

1086  — 13  0.0075 

1086  — 25  0.028 


In  reviewing  the  location  of  groM  fabrication  defects  in  loaded-to-failure  vanes  (Figure  3.24)  it  was 
noted  that  a majority  were  not  located  at  the  leading  or  trailing  edges,  but  rather  in  the  heavy,  central 
interior  section.  There  was  a tendency  for  this  type  flaw  to  surface  on  the  pressure  side  of  the  vane. 
From  a qualification  load  stand^xiint.  the  resulting  stress  in  this  area  is  minimal  due  to  the  cIo.se 
proximity  of  the  flaw  to  the  junction  of  the  principal  axes.  Therefore  the  vane  bend  test  (10  (xninds 
applied  load)  did  not  eliminate  all  the  gro.ssly  flawed  vanes  that  were  destined  to  fail  during  the 
subsequent  10-light  test. 

In  reviewing  the  vane  load  capability  (Figures  3.24  and  3.25)  it  was  noted  that  a majority  of  the  vanes 
(66  out  of  77)  successfully  withstood  an  applied  load  of  greater  than  19  pounds.  Of  the  11  which  did  not. 
7 contained  the  previously  noted  central  interior  flaw. 
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APPROXIMATE 
FLAW  AREA 
IN2 


TOTAL 

NUMBER 

OF 

VANES 

FAILED 


10 


FLAW  FREE  FRACTURE 
SURFACE  DATA  FOR 
STATORS  1049,  1086, 
1099,  AND  1134 


J. 


J. 


« * 

• • » 

« » 

• • * 

I I L 


• « 


J_ 


• « 

• * 


X 


10  15  20  25  30  35  40  45 

VANE  FAILURE  LOAD  - LBS 

Figure  3.25  — Flaw  Free  Vane  Failure  Loads 
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These  observations  indicated  that  an  increase  in  the  qualification  load  to  19  pounds  could  enhance 
the  screening  out  of  poor  quality  vanes  without  jeopardizing  quality  components.  To  verify  this.  5 stator 
assemblies  were  subject^  to  a 19  pound/vane  qualification  load  and  subsequently  10-light  tested. 
Vanes  in  two  of  these  stator  assemblies  failed  during  the  10-light  test.  This  result  was  therefore  still  not 
satisfactory  and  an  effort  continues  in  this  area. 

The  second  of  these  tests  subjects  the  stator  outer  shroud  to  an  internal  pressure  using  the  fixture 
shown  in  Figure  3.20.  A tensile  stress  is  produced  in  the  shroud  to  screen  the  outer  shroud  for 
unacceptable  defects.  During  this  reporting  period,  an  effort  was  made  to  establish  the  internal  pres- 
sure which  accomplishes  the  screening  purpose. 
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Table  3.11  summarizes  the  data  from  2.7g/cc  stator  assemblies  subjected  to  the  shroud  pressure  test. 
Details  of  the  test  rig  and  establishment  of  the  initial  pressure  were  covered  in  the  last  report(fl|.  The 
results  show  that  the  original  pressure  of  100  psi  did  not  adequately  screen  out  defective  parts  since 
three  qualified  components  (1086, 1104,  and  1134)  subsequently  failed  through  gross  fabrication  flaws 
in  the  shroud  during  the  10-light  test.  Therefore,  the  pressure  load  specification  was  reviewed. 


TABLE  3.11 


Stator  Shroud  Pressure  Test  Results 


Pressure 

Stator  Number  Load  PSI  Result 


Subsequent  Test  Result(s) 


1049  100  OK 

1086  < i 

1099 
1105 

1113 

1114 
1117 
1134 
1037 


luao 

1104 

T 

100 

T 

OK 

1041 

200 

Fail 

1071 

200 

OK 

1135 

200 

OK 

No  Shroud  fail  thru  10-light  test. 
(1)  shroud  crack  during  10-lights. 
No  Shroud  fail  thru  10-light  test. 
No  Shroud  fail  thru  10-light  test. 
No  Shroud  fail  thru  10-light  test. 
No  Shroud  fail  thru  10-light  test. 
No  Shroud  fail  thru  10-light  test. 
(1)  shroud  crack  during  10-lights. 
No  Shroud  fail  thru  10-light  test. 
No  Shroud  fail  thru  10-light  test. 
(1)  shroud  crack  during  10-lights. 

No  Shroud  fail  thru  10-light  test. 
No  Shroud  fail  thru  10-light  test. 
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A bracketing  of  shroud  screening  stress  was  previously  established  between  2000  psi  (100  psi 
internal  pressure)  and  9000  psi  (450  psi  internal  pressure)! f I).  The  original  pressure  load  specification 
was  chosen  as  the  minimum  of  this  bracketing.  In  reviewing  the  specification,  it  was  deemed  advisable 
to  increase  the  load  to  200  psi  applied  internal  pressure.  Only  three  stator  assemblies  have  been  tested 
at  this  load  (See  Table  3.11)  and  thus  it  has  not  yet  been  established  that  the  200  psi  load  will 
adequately  screen  out  defective  stator  shrouds.  Parts  will  continue  to  be  qualified  at  this  load  until  its 
validity  has  been  established. 

As  a final  step  in  the  qualification  sequence,  stators  are  subjected  to  the  previously  noted  10-light 
test(!f*l.  A summary  of  2.7g/cc  stator  qualification  sequence  test  results  is  provided  in  Table  3.12. 


TABLE  3.12 


Summary  of  Stator  Qualification  Sequence  Test  Results 


Comp. 

Vane  Bend  Test 
Vane 

Shroud  Press.  Test 
Psi 

Press. 

10-Light  Test 

Light 

Idenl. 

Load 

Results 

Load 

Results 

Sched. 

Results 

1037 

19 

OK 

100 

OK 

10 

2VF 

1039 

19 

OK 

100 

OK 

10 

IVF 

1041 

19 

IVF 

200 

SF 

— 

— 

1049 

10 

OK 

100 

OK 

10 

IVF 

1055 

10 

5VF 

100 

OK 

— 

— 

1056 

— 

— 

— 

— 

— 

— 

1071 

19 

2VF 

200 

OK 

10 

OK 

1086 

10 

OK 

100 

OK 

10 

7VF/SF 

1096 

— 

— 

— 

— 

10 

OK 

1099 

10 

OK 

100 

OK 

10 

OK 

1104 

19 

OK 

100 

OK 

10 

SF 

1105 

10 

OK 

100 

OK 

10 

OK 

nil 

19 

6VF 

— 

— 

— 

— 

1113 

10 

OK 

100 

OK 

10 

OK 

1114 

10 

OK 

100 

OK 

10 

OK 

1117 

10 

OK 

100 

OK 

10 

OK 

1134 

10 

IVF 

100 

OK 

10 

SF 

1135 

19 

2VF 

200 

OK 

10 

OK 

VF  ■ Vane  Failure 
SF  ■ Shroud  Failure 


Steady  State  Durability 

After  completion  of  qualification  testing,  components  may  l)e  subjected  to  static  steady  state  durabil- 
ity testing  in  engines  and/or  test  rigs  at  two  turbine  inlet  temperature  levels  — 1930  and  2500° F.  (The 
program  goal  is  200  hours  durability  — 175  hours  at  1930°F  and  25  hours  at  2500°F.)  During  the  past 
nine  months,  a number  of  significant  durability  test  results  have  Iwen  achieved. 

ItSO^F  Durability 

A set  of  ceramic  stationary  flow  path  components  completetl  175  hours  at  1930°F  average  turbine 
inlet  temperature.  Data  on  the  specific  components  arc  containcti  in  Table  3.13.  The  nose  cone  and 
stator  assemblies  after  test  are  shown  in  Figure  3.27. 
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TABLE  3.13 


1 


175  Hour  Flowpath  Components 


Design  D' 
Flowpath 
Components 

Serial 

No. 

Density 

g/cc 

No.se  ('.one 

1018 

2.7 

Fir.st  Stator 

!M8 

2,55 

First  Shroud 

138/2 

2.7 

Second  Stator 

1098 

2.7 

('entering  Ring 

3/1 

2,7 

Total 

Total 

Total  % 

Hrs. 

Lites 

Wt.  Gain 

178 

20 

0.408 

178 

20 

0.185 

128/50 

20 

2.89/0.88 

178 

20 

0.85 

8/188 

20 

0.001/0,055 

Figure  3.27  — Flowpath  Components  after  175  Hours  at  1930°F 


The  Ki.sl  repdrll")  pnisontoii  an  accumulation  of  weight  gain  versus  time  data  for  2.5rig/cc  density 
inji!ction  molded  silicon  nitride  stators.  The  175  hour  test  provided  additional  2.55g/cc  weight  gain  data 
and  initial  2.7g/cc  weight  gain  ilata.  In  the  ca.sc;  of  the  2.7g/cc  material,  data  was  acipiired  for  the  nose 
cone  as  well  as  tin;  .stator.  In  addition,  w('ight  gain  data  for  the  slip  ca.st  silicon  nitride  fir.st  stage  shroud 
was  obtained.  The.se  data  an;  pre.sented  in  Figure  3.28.  As  a reference,  the  "maximum  oh.served". 
"minimum  oh.st'rved",  and  "failure  zone"  notations  estahlishinl  by  the  prior  2.55g/ccdata  have  been 
retained.  Note  that  all  three  injection  molded  components  from  the  175  hour  test  exhibited  weight 
gains  below  the  previous  mininuim  observtul  line. 


The  weight  gain  data  for  thi'  slip  cast  fir.st  stage  shroud  1 138)  is  al.so  shown  in  Figure  3.28.  The  cross- 
hatched  failure  zone  was  establishixl  from  injection  molded  silicon  nitride  2.55g/cc  density  stator  data 
iind  m.iy  have  no  ndalionship  to  slip  cast  silicon  nitride  component.s.  I lowever.  the  rate  of  weight  gain 
versus  time  of  the  slip  ca.st  first  shroud  was  of  lutncern  during  the  test.  This  component  liiil  fail  between 
1 10  and  128  hours  anil  gained  2.80'  l weight.  Another  first  .stage  .shroud  was  installed  in  order  to 
complete  the  te.st. 


The  rate  of  weight  gain  as  a component  .selection  criteria  and  the  total  percent  weight  gain  as  a 
r.omiH)nent  replacement  criteria  remain  as  interesting  po.ssibilities.  F'urther  data  will  be  actpiired  in 
this  area  as  te.sting  continues. 


Steady  .static  testing,  at  1030'’F,  of  the  reaction  bonded  silicon  carbide  stator  was  conducted  during 
the  pa.st  nine  months.  Silicon  carbide  stator  525  succe.ssfully  completeil  175  hours.  The  weight  gain  was 
negligible  Testing  of  this  component  at  250il‘’F  is  covered  in  the  next  section. 
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INJECTION  MOLDED  COMPONENTS 

STATOR  948  (2.S5g  cc) 

STATOR  1096  (2.79  cc) 

NOSE  CONE  1018  (2. 7g  cc) 


FAILURE  ZONE 


FAILURE 


WEIGHT  2.0 
GAIN 
% 1.6 


FIRST  SHROUD  (136)  — SLIP  CAST 


MINIMUM  OBSERVED  (PREVIOUSLY) 


60  80  100  120  140  160  18( 

TIME  AT  19300F- HOURS 


Figure  3.28  — Percent  Weight  Gain  versus  Time  Data  for  175  Hour,  1930°F  Components 


ZSOQOF  Durability 


Another  .sol  of  eerainu;  .slationary  flow  (jath  com()oiu'nls  comploloii  25  hours  at  2500‘’l'  avorafji 
turbine  inlet  temperature  (See  Figure  3.29).  Data  on  the  s()eeifie  components  are  contained  in  I'abli 
3.14. 


Figure  3.29  — Flowpath  Components  after  25  Hours  at  2500°  F 


TABLE  3.14 


25  Hour  Flowpalh  Components 


Design  D’ 
Flowpath 

Serial 

Density 

Total 

Total 

Total  % 

Components 

No. 

g/cc 

Hrs. 

Lites 

Wt.  Gain 

No.se  (a)ne 

toil 

2.7 

20 

20 

0,22 

First  Stator 

1105 

2.7 

20 

20 

0.30 

First  Shroud 

134 

2.55 

20 

20 

0.04 

Second  Stator 

1117 

2.7 

20 

20 

0.02 

('entering  Ring 

o 

2.7 

20 

20 

0.34 

Second  Shroiul 

1 

20 

39 

0.20 

In  roviowinjj  Iho  .status  of  those  components  after  te.st.  two  points  are  noted: 

|t|  the  second  stage  rotor  tip  .shroud  contained,  prior  to  test,  a radial  O D.  surface  crack  not  fully 
through  the  part;  after  five  hours  at  250()°F  this  crack  had  propagated  radially  through  to  the 
shroud  I II.  the  part  continued  to  function  and  no  further  change  was  noted  after  25  hours. 

|2)  an  insjwction  after  three  hours  of  testing  .showed  first  stator  1 105  to  have  a crack  through  the 
outer  shrotid;  for  purposes  of  radially  retaining  the  cracked  stator  a thin,  loose-fitting  ring  (shown 
in  Figure  3.29  as  a first  .stator  in.sulator)  was  in.stalled  over  the  .stator;  the  remaining  22  hours  at 
2500'’F  were  completed  with  no  change  in  the  .stator  integrity. 

As  was  the  ca.st;  with  the  175  hour,  1930°F  durability  components,  weight  gain  versus  time  at 
temperature  data  was  accumulated.  Figure  3.30  documents  this  data  for  the  flow  path  components 
te.sted  for  25  hours  at  2500'’F.  This  is  the  initial  data  obtained  on  engine  components  at  this  temperature 
for  extended  times.  The  only  olxservation  to  be  made  at  this  point  is  that  weight  gain  rates  and  total 
percent  weight  gains  after  25  hours  are  comparable  to  the  data  obtained  on  .succe.ssful  1930°F  durabil- 
ity tested  components. 


2 4 6 8 10  12  14  16  18  20  22  24 

TIME  AT  2500«F  • HOURS 

Figure  3.30  — Percent  Weight  Gain  versus  Time  Data  for  25  Hour,  2500°F  Components 


With  regard  to  dis(H)sitiun  of  the  ceramic  stationar\’  flow  path  components  which  completed  the  25 
hour  test,  the  following  course  of  action  was  implemented.  All  components  were  tested  at  ]930°F  w ith 
a goal  of  achieving  175  hours.  This  siitisfics  the  steady  state  durability  goal  of  200  hours  for  one  st!t  of 
ceramic  flow  path  components.  A summary’  of  the  data  for  these  components  is  shown  in  Table  3.15. 


TABLE  3.15 

1930°F  Durability  Testing  of  25  Hour,  2500°F  Flowpath  Components 


Total  S.  S. 


Serial 

Density 

Hrs.  @ 

Hrs.  @ 

Durability 

Total 

Total  '7r 

No. 

g/CC 

2500°  F 

1030°  F 

Hours 

Liles 

Weight  Gain 

Nose  Cone 

1011 

2.7 

26 

175 

202 

42 

(t.25 

First  Stator 

1105 

2.7 

26 

175 

202 

44 

0.75 

First  Shroud 

134 

2.55 

26 

175 

202 

42 

0.87 

Second  Stator 

1117 

2.7 

26 

175 

202 

42 

0.23 

Centering  Ring 

2 

2.7 

26 

175 

202 

44 

0.99 

Second  Shroud 

1 

2.7 

26 

175 

202 

64 

0.29 

Silicon  carbide  stator  525.  which  successfully  completed  175  hours  at  1930°^  was  tested  at  2500‘’F. 
A total  of  25  hours  was  completed.  Thus  stators  of  two  different  materials,  injection  molded  .silicon 
nitride  and  reaction  bonded  silicon  carbide,  have  now  completed  the  .steady  .state  durability  goal  of  200 
hours. 

Duty  Cycle  Transients 

In  addition  to  the  steady  state  environments  of  1930  and  2500° F.  the  outlined  duty  cycle  contains  a 
specific  numlwr  of  transients.  During  the  200  hours,  a goal  of  39  start-up  and  shutiiovvns  was  estab- 
lished. The  39  start-ups  are  made  of  13  cold  starts  and  26  hot  starts.  The  39  shutdowns  are  all  from  a hot 
steady  state  condition. 


During  the  ixist  six  months,  a set  of  qualified  ceramic  stationary  flow  path  components  was  success- 
fully subjected  to  the  total  transient  requirements  contained  in  the  200  hour  duty  cycle.  This  is  referred 
to  as  extended  light  off  testing.  Data  on  the  specific  components  arc  contained  in  Table  3.16. 


TABLE  3.16 

Extended  Light-Off  Flowpath  Components 


Design  D’  Duty  Cycle  Transients 


Flowpath 

Serial 

Density 

Cold 

Hot 

Total 

Total  % 

Components 

No. 

g/cc 

Liles 

Liles 

Lites 

Wt.  Gain 

Nose  Cone 

AEl 

2.7 

13 

26 

39 

0.23 

First  Stator 

898 

2.55 

13 

26 

39 

0.55 

First  Shroud 

5 

2.7 

13 

26 

39 

0.18 

Second  Stator 

1099 

2.7 

13 

26 

39 

0.17 

Centering  Ring 

5 

2.7 

13 

26 

39 

0.19 

Second  Shroud 

5 

2.7 

13 

26 

39 

0.24 
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ABSTRACT 


In  fiscal  year  1977,  ERDA  joined  forces  with  DARPA  to  support  this  project.  The  progress  made  on 
the  DARPA  Ceramic  Turbine  Testing  Program  is  presented  in  this  volume  while  the  progress  on  the 
ERDA  Ceramic  Turbine  Technology  and  Ceramic  Turbine  Materials  and  NDE  Technology  Programs 
is  presented  in  Volume  2. 

VDuo-density  rotor  fabrication  continued  with  over  600  rotor  blade  rings  injection  molded  utilizing 
the  automatic  solid  state  control  system^Yield  of  blade  rings  having  no  visible  defects  in  the  green,  as 
molded,  state  was  over  70%.  Controlling  the  boron  nitride  thickness  during  blade  fill  processing 
coupled  with  a modification  of  the  hot  press  graphite  tooling  greatly  improved  the  hot  press  bonding 
process.  The  yield  of  flaw-free  hot  press  bondings  with  these  changes  was  70%.  This  represents  the 
most  significant  improvement  in  the  yield  hot  press  bondings  to  date.  Finish  machining  of  rotors 
continued  as  did  non-destructive  evaluation.  Blade  bend  testing  was  used  to  monitor  the  quality  of 
blade  ring  nitriding  to  insure  that  only  the  higher  quality  nitrided  blade  rings  were  used  to  fabricate 
.rotors  for  testing. 

' Eleven  duo-density  ceramic  turbine  rotors  were  cold  spin  tested  to  qualify  them  for  further  hot 
running.)Ten  of  the  eleven  reached  over  50,000  rpm  without  failing  blades,  with  one  rotor  successfully 
qualified  to  over  70.(HH1  rpm  after  failing  one  blade  at  65, 640  rpm. 

Development  of  the  hot  spin  rigs  continued.  A combustor  flame-out  problem  and  a durability 
problem  with  the  rotor  tip  shroud/failure  detector  wore  resolved^  In  further  development  of  the  hot 
spin  rig.  a number  of  ceramic  and  metal  rotors  were  lestiul  accumulating  26  hours  and  68  hours 
respectively. 

'•An  imfwrtant  engine  lest  of  a duo-density  silicon  nitride  rotor  was  accomplished.'^Rotor  1195.  with 
the  associated  stationary  ceramic  components  (no.st;  cone,  .stator  and  ti()  shrouds|.  was  siiccessfiillv 
oirerated  at  an  average  Turbine  Inlet  Temperature  (T.l.T.I  of  220()“F  and  45,000  rpm  for  to  hours 
without  incident.  This  siime  rotor,  with  27  full  length  aerodynamically  functional  blades  and  .slationaiy 
flowpath,  was  subsequently  run  for  25  hours  at  2250‘’F  average  T.I.T.  plus  1-1/2  hours  at  over  2500°F 
average  T.I.T.  all  at  50,000  rpm.  De.spite  a cautious  shutdown  a cata.strophic  failure  occurred  during  the 
shutdown  of  the  engine  due  to  an  overtem(M!ralured  metal  com[)onent  u.sed  to  mount  the  ceramic  rotor. 
The  total  hot  lime  on  the  rotor  was  over  37  hours,  all  but  a few  minutes  at  a T.I.T.  of  2200°F  or  higher,  at 
speeds  of  45.0IMI  to  50,000  rpm.  including  1-1/2  hours  at  50.000  rpm  and  over  2500°F  T.I.T.  This 
unprecedented  lest  is  the  first  time  a ceramic  rotor  has  been  o|)eraled  at  these  speed/lemi)eralure/tim(! 
conditions. 

'-vFabrication  development  on  injection  molding  of  stators  and  nose  cones  of  2.7g/cc  density  was 
continued  on  a limited  basis,i  Some  additional  reaction  sintered  silicon  carbide  .stators  were  al.so 
fabricated  because  of  promising  te.sl  results  pn-viously  pre.sent(!d.  Limited  dcvelo|)ment  of  injection 
molded  and  slip  cast  nosi;  cones  was  continueii. 

Testing  of  .stationary  components  continued  in  both  ((iialification  and  durability  rigs.<'Stators  were 
subjected  to  more  severe  ((iialification  t(!.sts  as  the  vane  bend  load  was  increased  from  10  to  19  (loiinds 
and  the  outer  .shroud  pressure  load  was  increa.sed  from  100  to  200  p.si.  Weigh'  gains  of  comtionents 
were  monitored  during  hot  le.sling  at  1930  and  25lHrF  and  found  to  be  belivv  (ireviously  observed 
values  for  several  injection  molih’d  (larts.  Over  1000  hours  of  hot  testing  was  accumulati'd  on  stators 
during  this  reporting  period. 

■ A complete  set  of  silicon  nitride  stationary  comiionents  consisting  of  a nose  cone,  two  stators,  two 
rotor  tip  shrouds  and  a second-stage  .stator  centering  ring  comiiletiul  the  (irogram  objective  of  175  hours 
at  1930°F  plus  25  hours  at  2500°F  with  over  40  lights.  In  addition,  a silicon  carbide  .st.itor  succi'ssfully 
completed  over  175  hours  at  1930°F  (iliis  over  28  hours  at  2500‘’F  with  52  lights  Stators  of  two  different 
materials,  injection  molded  silicon  nitride  and  reaction  bonded  silicon  carbide,  have  now  comttleled 
the  program  durability  goal  of  200  hours,  ^ 
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